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December 23, 2010
Melding is a novel process which offers a promising route to creating seamless bonds,
by partially curing two laminates in a controlled manner using a Quickstep chamber and
subsequently co-curing them. Previous research has focused on melding lap joints in
the x-y plane of a composite, whereas this study investigates through-thickness melding,
or melding in the z-plane of a composite. In this process, two composite stacks were
exposed to heat from one side and actively cooled on the other through the z-axis. The
two semi-cured parts were then co-cured creating a monolithic part with a seamless bond.
The initial stage of the project developed the semi-curing process. After unsuccessful
attempts to produce a semi-cured part in a general purpose Quickstep chamber, due to ex-
cessive heat transfer, the process was moved to a hot press with independently controlled
platens. The hot press succeeded because the platens were separated from each other by
the composite plate, unlike the Quickstep bladders which, as they are designed to conform
to the part, came into contact allowing for heat transfer. Thermocouples were embedded
every 15 plies to quantify the temperature profiles generated through the laminate stack.
The next stage of the project developed a process of joining the semi-cured panels to
form a through-thickness melded part. The final process involved constraining the sides of
the panel with cork edge dams and inserting woven glass fabric at the corners to allow for
gasses to escape. However, the outer parts of the fully melded panel exhibited excessive
porosity which had an adverse effect on mechanical properties. For example, whereas
tensile and flexural moduli measured for material from the edges of the panels were com-
parable to values reported in literature, the properties of samples from the middle of the
panels deteriorated significantly due to the porosity. Mode I interlaminar fracture energy
was approximately 10% lower than values measured for panels fabricated in an autoclave.
The entire curing process, from semi-curing to a fully melded panel, was character-
ized extensively. Differential scanning calorimetry was used to determine the degree of
cure and values of glass transition temperature (Tg). The degree of cure of the material
exposed to the hot side was approximately 50%, the middle 25%, whereas the cold side
was only 15% cured. A corresponding Tg profile through the curing process was devel-
oped in which the Tg varied from 0 ◦C for the uncured resin to 245 ◦C in highly cured
samples. After melding the sample, the degree of cure was found to be in excess of 99%.
Rheological studies were carried out to determine the effects of the semi-curing process
on resin flow during the melding cycle. Results showed that there was a large transition
zone between uncured plies and solid (cured) plies.
This thesis demonstrated the broad feasibility of through-thickness melding as a pro-
cess to create thick composite laminates. However, the complexity of the process gives
rise to thermal and rheological phenomena which affect the structural and chemical prop-
erties of the fully melded part. The process must therefore be engineered with these
factors in mind in order to create a high quality part.
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CHAPTER
ONE
INTRODUCTION
As fuel prices rise and the need for lower weight materials increases, modern aircraft
design relies increasingly on composite materials. To save weight, carbon fibre reinforced
components are being utilised in increasing amounts in new aircraft, such as the Boeing
787 which is constructed with 50% by weight of composite materials [1, 2]. However
the conventional joining methods used for metallic airframes, rivets, leave stress concen-
trations that significantly weaken composite structures through corrosion and stress con-
centrations, in addition to adding weight. Adhesive bonding of carbon fibre reinforced
polymers is difficult, time consuming and comparatively unreliable. Non-destructrive
evaluation of adhesive joints is difficult making it nearly impossible to guarantee a joint.
1.1 Melding
The Quickstep process effects cure using a heat transfer liquid rather than heated gas,
as in an autoclave, to allow for efficient curing of composite parts [3]. Fluid is circulated
through chambers sealed with flexible silicone bladders above and below the part to be
cured. Figure 1.1 shows a schematic representation of the Quickstep chamber [4]. There
has been much work to prove the robustness of the Quickstep plant and the composite
parts, both simple and complex, it produces [5–10]. One of the novel processes to come
out of the research is melding, a portmanteau of melting and welding. Melding offers a
promising alternative to creating seamless bonds by partially curing two laminates in a
controlled manner using a Quickstep chamber and subsequently co-curing them with a
complete cure cycle.
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Figure 1.1: Schematic of the Quickstep chamber.
Research thus far has focused on melding lap joints on the x-y plane of the compos-
ite [11–13]. Much success has been realised and there have been advances in melding
large composite tubes [14]. Figure 1.2 shows the process by which lap joints are melded
using a hot chamber side-by-side with a cold chamber.
Figure 1.2: Lap joing melding scheme [4].
1.2 Aims and Objectives
One application that has not been explored thus far is through-thickness melding, or
melding out of the x-y plane of the composite. In this method it is possible to produce
thick composite parts by semi-curing the laminate stack through the the z-axis. The com-
posite stack was exposed to heat from one side and actively cooled on the other. Two
semi-cured parts were then co-cured creating a monolithic part with a seamless bond.
Figure 1.3 shows a schematic for through-thickness melding.
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Figure 1.3: Through-thickness melding scheme.
The focus of this work was to develop a process for creating through-thickness melded
panels using unidirectional Hexcel 8552/IM7 prepreg, which is an Airbus qualified mate-
rial. First a cure cycle was chosen that would be suitable to cure the 8552 under normal
circumstances and the cure cycle was thermally characterized using differential scanning
calorimetry (DSC). DSC data was used to analyze the progression of the glass transition
temperature and the residual cure through the cure cycle. The cure cycle was further ana-
lyzed rheometrically to determine the viscous properties of the epoxy as it cured. Fourier
transform infra-red (FTIR) spectroscopy was also used to understand the chemical reac-
tions as they occurred.
Secondly the semi-curing process— the first step towards creating a through-thickness
melded panel — was developed. Attempts were made to effect a semi-cure in the Quick-
step chamber, however the process was ultimately moved to a hot press. Thermocouples
were embedded in the semi-cured panels in order to establish the temperature gradient
through the thickness of the laminate stack. The semi-curing process was then character-
ized using DSC to determine the residual cure at each temperature profile observed in the
semi-cured sample. Also, rheometric measurements were made to determine what effect
the semi-curing process had on the resin flow during the ultimate curing step. Chemical
changes were monitored using FTIR spectroscopy.
Once the semi-cure process was adequately developed, the process and layup param-
eters to meld the semi-cured panels together was developed. In addition to the DSC and
FTIR to characterize the through-thickness melded samples, optical microscopy was used
27
1.3. STRUCTURE OF THIS THESIS
to determine the porosity at the meld line and the outer edges. The fully melded pan-
els were then machined and used for mechanical testing. Sample coupons from the top,
middle and bottom of a fully melded panel underwent tensile and four-point bend tests,
the results of which were then compared to values reported in literature and provided by
the manufacturer. One of the fully melded samples was specifically processed for mode I
double cantilever beam (DCB) so that the fracture energy at the meld line could be mea-
sured and compared to the values reported in the literature in order to characterize the
strength of the joint.
In summation, the goals of this research were to:
• Choose and characterize a suitable cure cycle for unidirectional Hexcel 8552/IM7
prepreg.
• Develop and analyze the semi-curing process.
• Determine the proper layup conditions that would result in a well consolidated
through-thickness melded part
• Characterize the through-thickness melded part thermally and mechanically.
1.3 Structure of This Thesis
Chapter 2 is a literature survey of the work done in this field. A description of the
classes of polymers that are commonly used in composite materials is provided as well
as a a description of the reinforcing fibres. Composite manufacturing techniques for ther-
mosetting matrices are discussed as well as a basic summary of the origins of strength of
materials and composite laminate theory.
Methodology is discussed in chapters 3 and 4. Chapter 3 is an in depth discussion
of the composite materials used and the methods used for created standard panels, semi-
cured panels and through-thickness melded panels. Chapter 4 discusses the characteriza-
tion techniques and equipment used in this study. For each characterization technique a
brief background on the science behind the functionality of the equipment and the reason
for their importance towards this study is presented.
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The results and discussion is split among chapters 5 and 6. Chapter 5 discusses the de-
velopment of the through-thickness thickness melding process from the initial cure cycle
investigation to the semi-curing process and the final through-thickness meld. Chapter 6
focuses solely on the through-thickness melding samples and their mechanical properties.
The results of the mechanical survey are then compared to values reported in literature to
determine the quality of the through-thickness melded panels. Lastly, chapter 7 presents
the conclusions and suggestions for future work.
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CHAPTER
TWO
BACKGROUND AND LITERATURE REVIEW
2.1 Composite Materials
For the purposes of this thesis, composites are an engineered combination of two or
more materials designed to combine and optimize the properties of both. Modern aircraft
design relies increasingly on composite materials as fuel prices and the need for lower
weight materials increase. The first new large commercial aircraft of the 21st century, the
Airbus A380 and Boeing 787, consist of more composite material than ever before [1,2].
The increased demand for carbon fibre from Airbus and Boeing has led some major fi-
bre manufacturers to increase their production capacity [15, 16]. Although composites
can come in many forms, the aerospace industry focuses on carbon fibre reinforced ther-
mosetting polymer composites (CFRP). The polymer matrix distributes an applied load
and acts as a stress transfer medium so that when an individual fibre fails, the composite
structure is highly unlikely to fail [1].
The use of composite materials is not only limited to the aerospace industry. Im-
proved specific properties have been the driving force for much of the advanced material
research in military and sporting fields that go beyond aircraft design [17]. The United
States military has spent considerable resources on investigating ceramics and metal ma-
trix composites as alternative forms of gun-barrels and heavy armour applications [18].
Thermosetting epoxy composites are also widely used in sporting applications due to
the combination of relatively simple processing requirements and superior mechanical
properties. Epoxy resin may be supplied completely uncured or as partially cured pre-
impregnated fibre fabric, known as prepreg, which has simple handing and moulding
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characteristics. The properties of the cured resin (e.g. glass transition temperature (Tg),
modulus, toughness) can be engineered to suit a particular application.
Most mechanical properties of fibre-reinforced composites can simply be expressed
using the rule of mixtures, as shown for longitudinal Young’s Modulus, E, in equa-
tion 2.1.1:
Ecomp = EmVm + EfVf
or
Ecomp = Em(1− Vf ) + EfVf (2.1.1)
where Em and Ef are the moduli of the matrix and fibres, respectively, and Vm and Vf
are the volume fractions under the assumption that the strain on the matrix and the fibres
are equal. For the transverse case, the same equation applies, however the assumption is
that the stress on the matrix and the fibres are equal. The rule of mixtures can also be
extrapolated to express mechanical properties in the transverse directions in composites
containing unidirectional fibre reinforcement.
CFRPs combine the advantage of the high tensile strength and modulus of carbon
fibres with the chemical resistance and damage tolerance of high performance plastics.
Other common reinforcing fibres include various kinds of glass, aramid, silicon carbide
and boron [19,20]. However for aerospace applications carbon is the most common rein-
forcement because it is stiffer and stronger than glass, easier to fabricate than aramid and
less expensive than boron.
2.2 Polymeric Matrix Materials
Polymeric matrices fall into two major categories: thermoplastic and thermosetting
materials. Thermosets are heavily crosslinked network polymers. The crosslinks are
primary covalent bonds formed between polymer molecules. Therefore, once cured, ther-
mosets are infusible and on heating a thermoset polymer will simply decompose rather
than melt [1, 21, 22]. As a result of the high degree of crosslinking, thermosets tend to
have higher moduli and strength, but lower ductility as compared to thermoplastics. The
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higher the crosslink density, the higher the modulus [23].
Thermoplastic polymers consist of a mass of randomly dispersed chains, entangled to-
gether mechanically and linked not through primary covalent bonds, but via much weaker
thermally-labile secondary bonds (e.g. dipole-dipole and hydrogen bonding). When heated,
the mass becomes viscous and can be easily moulded with the application of pressure.
When cooled, thermoplastics become rigid again and retain the shape given whilst hot [24].
Thermoplastics often exhibit higher strength and toughness than thermosets, but they are
more difficult to process because of their inherit rigidity before processing and high vis-
cosity whilst molten [25].
Stiffness and strength are properties that get to the heart of composite engineering. As
seen in figure 2.1, the modulus of an amorphous polymer is dependent on temperature.
This curve shows that a polystyrene (PS) melt cooling from 180 ◦C will pass through five
distinct regions of viscoelastic behaviour [22]:
Figure 2.1: Effects of temperature on amorphous polymer stiffness in thermoplastic
polystyrene along with the strain-time curves for a constant stress applied at x and re-
moved at y for: (i) viscous state, (ii) rubbery state, (iii) transitional elastic state and (iv)
glassy state [22].
32
2.2. POLYMERIC MATRIX MATERIALS
1. At or above 180 ◦C PS has the viscous characteristics of a polymer melt. If a stress
is applied, the melt will deform linearly and will not recover (figure 2.1i).
2. Between points A and B the polymer exhibits viscoelastic flow which has been
likened to a ‘rubber-like’ state [22]. When a stress is applied there is an initial
recoverable deformation before deforming linearly (figure 2.1ii). The modulus in
this region is on the order of 103 Pa to 104 Pa.
3. Between points B and C the polymer exhibits rubbery behaviour. A short term
applied stress will result in similar behaviour as between points A and B, however
if a long term stress is applied, the chains have a tendency to unravel. In this region
the modulus is around 105 Pa.
4. Between points C and D is a transitional elastic state between rubbery and glassy.
This part of the curve is the glass transition temperature (Tg). There is a decrease
in molecular motion which causes the viscous damped elastic behaviour seen in
figure 2.1c. During the glass transition the modulus increases rapidly from 105 Pa
to 109 Pa.
5. Between points D and E (and at lower temperatures) PS is in a glassy state. The en-
ergy in the chans is insufficient to overcome the energy barriers needed for rotation
of the segments. The modulus in this region is on the order of 109 Pa and when a
stress is applied, the polymer exhibits an elastic response (figure 2.1d).
At the Tg many other material characteristics can undergo a significant change (e.g. den-
sity, strength and coefficient of thermal expansion) making Tg a critical material parameter
for amorphous polymers [1, 21, 22, 25–29].
2.2.1 Thermosetting Polymer Epoxy Matrices
As stated previously, a thermosetting resin is one in which the formation of primary
covalent bonds creates a network solid when it is cured. Prior to forming the final product,
the epoxy resin may be supplied as what are termed A-stage resins, or partially cured B-
stage resins (of increased viscosity). The A-stage is the initial uncured state in which the
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resin has a low viscosity, allowing for a good fibre-matrix wetting during the impregna-
tion process of reinforcing fibres. Materials based on carbon fibre fabric, pre-impregnated
with B-staged epoxy resin, known as pre-preg, have simpler handling as moulding char-
acteristics and there is no need to mix the epoxy and hardener because it has already been
done. To prevent premature hardening and extend shelf life, B-staged resins are often
stored at −18 ◦C to help delay further crosslinking. When the polymerization process is
resumed — usually by applying heat during processing— and allowed to continue un-
til it is fully polymerized i.e. the polymer reaches its maximum molecular weight, the
thermoset is considered to be C-staged or fully cured [25].
The curing process involves three dimensional chain growth which creates a three
dimensional network macromolecule. As the reaction and cross linking progresses, the
molecular weight of the polymer chains and the crosslink density increase resulting in
increased viscosity. At the gel point, a percolated three-dimensional network has formed
and the polymer chains are irreversibly transformed from a fluid into a gel. This is the
point where the liquid polymer effectively becomes a solid and cannot flow under shear [1,
30]. As the crosslink density increases, the Tg also increases because the energy barrier
needed for segment rotation increases.
Miller and Macosko developed a derivation for the molecular weight and post gel
properties for network polymers [31, 32]. The derivation assumes an ideal network, that
is, a network in which:
• All functional groups of the same type are equally reactive.
• All groups react independently of one another.
• There are no intramolecular reactions in finite species [33].
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Figure 2.2: Development of X¯w, X¯n, ws and C ′c during the course of an RA4+RA2 net-
work formation [22, 32].
Figure 2.2 shows one of the results of their work for a stoichiometric mixture of tetra-
functional and bi-functional species. Pg is the gel point, X¯w is the weight-average degree
of polymerization of the polymer and X¯n is the number-average degree of polymeriza-
tion. ws is the sol fraction and C ′c is the fractional concentration of tri-functional (C ′c(3))
and tetra-functional (C ′c(4)) crosslinks. As the extent of reaction increases, X¯w increases
slowly until it approaches the gel point at which time it increases rapidly towards infinity.
This indicates the formation of a molecule with infinite molecular weight, which in this
regards means formation of a molecule which is the size of the cured part. X¯n increases
with p up to the gel point but remains finite. ws is the fraction of soluble material in the
network at any given extent of reaction. Up to the gel point all molecules are soluble and
therefore, ws = 1. The general condition for the formation of infinitely large molecules
is shown in equation 2.2.1 [33]:
α =
1
fb − 1 (2.2.1)
where α is the probability of chain branching as opposed to chain termination and fb is
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the functionality of the branch units. However, at the gel point, as crosslinks form and the
network begins to branch, fewer and fewer molecules remain soluble until finally when
the reaction is complete, and no more soluble material remains. Immediately after the gel
point, tri-functional crosslinks, C ′c(3), begin to form before giving way to tetra-functional,
C ′c(4), crosslinks. Eventually, at p = 1.0 all of the tri-functional crosslinks are converted
to tetra-functional crosslinks and C ′c(4) = 1 [31, 32].
Common thermosetting polymers include unsaturated polyesters, phenol-formaldehyde
resins, polyimides and epoxies [24, 34–36]. This thesis will focus on epoxy resins.
2.2.1.1 Epoxy Resins
Epoxy resins were first developed in the 1940’s and are characterized by the epoxy or
oxirane functional group shown in figure 2.3.
Figure 2.3: The epoxy functional group
They have been extensively studied and characterized [21, 36–39]. The epoxy group
is reactive to both nucleophilic and electrophilic agents enabling a wide range of curing
agents [21]. As compared with other polymeric matrix materials, epoxies have a number
of advantages [40]. Notably, they have a good combination of mechanical properties, low
rates of shrinkage upon cure, good adhesion to substrates and a wide range of chemical
resistance. For the most part, these advantages outweigh the disadvantages of epoxy
systems, which include their high cost, toxicity, relatively difficult processing and elevated
cure temperatures [41]. The latter two factors directly result in a high production cost.
Curing an epoxy resin involves converting, via a chemical reaction, a low molecular
weight thermoplastic pre-cursor into a three-dimensional thermoset network. Importantly,
because the reaction is an addition polymerization there are no volatile by-products [1,21,
37]. In the presence of a hardener or catalyst crosslinking occurs as in figure 2.4. In this
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example, diethylenediamine is used as a hardener [38].
Figure 2.4: An example of chain extension in epoxy resins using diethylenediamine as
the hardener.
Glycidyl resins account for the most widely used epoxy matrix materials [40]. In par-
ticular (figure 2.5), the market is dominated by the bi-functional diglycidyl ether of bis-
phenol A (DGEBA), the tri-functional triglycidyl p-aminophenol (TGAP) and the tetra-
functional N, N, N’, N’-tetraglycidyl-4 ,4’-diaminodiphenylenemethane (TGDMM) [42].
Most commercial resins used for CFRPs are some combination of bi, tri and tetra-functional
resins.
Note that in figure 2.5a the molecule is bracketed by two oxirane rings, in figure 2.5b
there are three and in figure 2.5c there are four. Each of these oxirane rings is a potential
site for reaction to occur.
In order to effect cure, the epoxy is typically reacted with an amine hardener. Fig-
ure 2.6 shows the chemical formulas for some typical amine based hardeners. The NH2
groups are the functional sites at which chain growth occurs [43]. These hardeners effect
chain growth through three competing reactions as shown in figure 2.7. Figure 2.7a shows
the dominant reaction, that of the epoxy with a primary amine group of the hardener. Net-
work formation can progress via reaction of the resultant secondary amine with another
epoxy group (figure 2.7b). The secondary amine also has a hydroxyl group which can re-
act with an epoxy (figure 2.7c). As a result of these competing reactions, epoxy networks
can have a complex structure [44–46].
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(a) Diglycidyl ether of bis-phenol A (DGEBA)
(b) Triglycydyl p-aminophenol (TGAP)
(c) Tetraglycidyl-4 ,4’-diaminodiphenylenemethane (TGDMM)
Figure 2.5: Common commercial bi, tri and tetra-functional epoxy resins based on gly-
cidyl ether.
(a) Tetraethylenetetramine
(b) Pyridinediamine
(c)
toluenediamine
(d)
3,3’-diaminodiphenylsulphone (DDS)
(e) 4-4’-DDS
Figure 2.6: Structures of typical amine-based hardeners.
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(a) Epoxy/primary amine reaction
(b) Epoxy/secondary amine reaction
(c) Epoxy/hydroxyl reaction
Figure 2.7: Three competing reaction schemes for the epoxy/amine chain growth.
2.2.1.2 Chemical Matrix Additions
In practice, epoxy resins are rarely used without some form of chemical matrix addi-
tion. Pure epoxy networks tend to be highly viscous during processing and brittle upon
curing. Advanced polymeric matrix materials are engineered to a specific application in
part by using tougheners, diluents, fillers and flexibilizers to modify the properties of both
the cured and uncured resins. Diluents are added to reduce the viscosity during curing to
aid in shaping and forming the resin. Fillers such as silica or metallic powders are often
added to adjust the thermal properties. Flexibilizers, as the name suggests, are normally
low molecular weight polymers that are added to increase the flexibility and toughness if
a particular application calls for improvement in these properties. The structure of various
common thermoplastic tougheners are in figure 2.8 [24, 47].
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(a) Polyetherimide (PEI)
(b)
Poly(phenylene
sulphide) (PPS)
(c) Polyethersulfone (PES)
(d) Poly(ether ether ketone) (PEEK)
Figure 2.8: Common thermoplastic tougheners used in epoxy matrices for use in
CFRPs [24, 25, 48, 49].
As stated earlier, epoxy resins are highly crosslinked and as a result have a high elas-
tic modulus [50]. The brittleness that results can allow even minor crack propagation to
result in catastrophic failure. To toughen the matrix a second phase is often introduced
during resin mixing so that the resultant cured resin is a multiphase solid. Common addi-
tives are rigid particles, such as ceramics, or more flexible particles such as rubbers and
thermoplastic materials [51–54]. Whereas rubbers are effective toughening agents, they
reduce the elastic modulus, yield strength and Tg of the final product [55]. Thermoplastic
tougheners can yield similar results in toughening, however they do not affect mechanical
properties to the same degree. The thermoplastic toughener polyethersulphone (PES) is
of particular interest to this work.
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2.3 Fibre Reinforcement
As stated in section 2.1, for the purposes of this thesis, a composite material is an engi-
neered combination of two or more materials designed to optimize the properties of both.
The structure and chemistry of the polymer matrix materials were discussed earlier in this
chapter. On their own, these polymer matrices do not have the strength or rigidity needed
for high performance applications. However the addition of high strength reinforcements,
particularly fibrous reinforcements, are commonly used to make composites [52, 56–58].
The following sections will discuss the geometry, structure, chemistry and processing of
fibre reinforcement. Table 2.1 displays some important properties of various common
composite materials.
Table 2.1: Properties of selected typical composites [59].
Young’s Fracture
Density modulus Strength toughness
Material ρ(Mg/m3) E(GPa) σy (MPa) KIC(MPam
1
2 ) E/ρ σy/ρ
CFRP 58%
unidirectional C in epoxy 1.5 189 1050 32-45 126 700
GFRP 50%
unidirectional glass in polyester 2.0 48 1240 42-60 24 620
KFRP 60%
unidirectional Kevlar in Epoxy 1.4 76 1240 — 54 886
2.3.1 Fibre Geometry
Fibres themselves can be broken further down into three categories: continuous fibres,
whiskers, and short or chopped fibres — which are manufactured by chopping continuous
fibres. Whiskers are less than 10 mm in length, chopped fibres are between 10 and 20 mm
in length and continuous fibres are effectively of infinite length [25]. Regardless of fibre
length, most fibres range in diameter between 5 and 200 µm, but generally fall between
the range of 25 and 40 µm [25, 60]. This thesis will focus solely on continuous fibres.
This section will discuss the various types of fibres, as well as their manufacturing and
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processing.
Individual fibres are themselves relatively fragile. To increase their efficacy, fibres are
bunched into groups of ends or strands, which in turn are grouped into a tow. The amount
of fibres in a tow is usually in the thousands; a 12K tow has twelve thousand individual
fibres. If a twist is added to the tow or stand, the resultant group of fibres is called a
yarn [25]. Tows are then arranged either unidirectionally, woven or in braided textiles.
2.3.1.1 Unidirectional Fibres
As is implied by the name, unidirectional fibres are laid down in only one direction
parallel to each other. This maximizes strength along the fibre direction. However, per-
pendicular to the fibre direction the strength of the composite is solely dependent upon
the matrix properties. For certain applications it may be advantageous to use a unidi-
rectional composite because of its relatively low areal density, or weight per unit area.
Fibres can be very tightly packed in this arrangement. The volume fraction of fibres in
a unidirectional composite, Vf , is related to the fibre radius, r, and fibre spacing, R, by
equation 2.3.1 for the hexagonal packing arrangement and 2.3.2 for the square packing
arrangement. Diagrams of hexagonal and square packing are shown in figure 2.9.
(a) Hexagonal geometry (b) Square geometry
Figure 2.9: Fibre geometries in unidirectional laminates.
Ignoring negligible additives like tougheners, fibre sizing and voids, the volume frac-
tion of the matrix can be expressed as Vm = 1 − Vf . The theoretical maximum vol-
ume fraction — where r = R and the fibres are in contact — for a hexagonal array is
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Vf max = 0.907 and for a square array is Vf max = 0.785 [61].
Vf =
pi
2
√
3
( r
R
)2
(2.3.1)
Vf =
pi
4
( r
R
)2
(2.3.2)
As the spacing between fibres, s, increases, Vf decreases as in equation 2.3.3 for hexago-
nal arrangements and equation 2.3.4 for square arrangements [60].
s = 2
[(
pi
2
√
3Vf
) 1
2
− 1
]
r (2.3.3)
s = 2
[(
pi
4Vf
) 1
2
− 1
]
r (2.3.4)
Therefore as Vf increases, the spacing between fibres decreases.
2.3.1.2 Woven Fabrics
For applications where loads may be applied from two or more directions it is possible
to weave or braid fibre tows using textile looms. Woven fabrics contain fibre tows that are
orthogonal to each other. The tow running along the length of the fabric is called the warp
and the tow running perpendicular to the warp is called the fill, weft or woof [25]. In any
woven fabric the fill tow passes over and under one or more warp tows creating an initial
fibre displacement in each layer. When the fibres are subjected to a load, the tows tend
to straighten out slightly and therefore the elastic modulus of a woven fabric is slightly
lower than that of a unidirectional composite made of the same materials. Common weave
patterns are shown in figures 2.10 [62].
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(a) Plain Weave (b) Crowfoot Satin Weave
(c) Five-Harness Satin Weave (d) Eight-Harness Satin Weave
Figure 2.10: Some common complicated textile weaves used in CFRPs [62].
The plain weave (figure 2.10a) is the simplest weave pattern. The fill tow crosses
under one warp tow then crosses over only one additional tow before dipping under again.
In the crowfoot satin weave (figure 2.10b) the fill is woven so that after having passed over
one warp tow, it is woven underneath the next three tows. In the five-harness satin weave
(figure 2.10c) the fill is woven so that after having passed over one warp tow, it is woven
underneath the next four tows. In the eight-harness satin weave (figure 2.10d) the fill is
woven so that after having passed over one warp tow, it is woven underneath the next
seven tows. The resultant fabric is a two-dimensional structure, however layers can be
stitched together with a through-thickness stitch creating a three-dimensional fabric [25].
The more complicated weaves have a higher degree of anisotropy, but they are also more
open and are easier to drape.
44
2.3. FIBRE REINFORCEMENT
2.3.1.3 Braided Fabric
In a braided fabric the warp and fill directions are not perpendicular to one another.
The angle between the warp and tow, α is known as the bias angle or braid angle. A third
axial tow is often added to increase stiffness in that direction. It should be noted the fibres
intersect at an angle 2α and that if α = 45◦ then the total angle is 90◦ and the braid is
equivalent to a woven fabric. Figure 2.11 shows common braided fibre layouts. [62]
(a) 1/times1 bias braid pat-
tern
(b) 2/times2 bias braid pattern (c) 1/times1 triaxial
braid pattern
Figure 2.11: Some common braided textiles used in CFRPs [62].
At extreme bias angles, processing becomes difficult and in the final product fibre wet-
ting by the matrix materials is severly impaired; this has a direct effect on the ultimate per-
formance of the composite [63]. Braided fibre structures can include a through-thickness
stitch added to create a three-dimensional structure in a similar fashion to woven fabrics.
2.3.2 Glass Fibres
Glass fibres are manufactured by melting a glass preform, drawing the melt through
bushings and then rapidly air-cooling the fibres. A sizing, or coating, is then applied
before the fibres are gathered and wound [64]. The major chemical structure is that of an
amorphous silica (SiO2) glass, but various fluxes and other chemical additives allow for
easier processing and application-specific properties. E-glass — so named for ‘e’lectrical
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grade glass— is the most commonly used because of its ease of processing as well as good
properties such as stiffness and strength. C-glass — for ‘c’orrosion — has a high chemical
resistance but is relatively difficult to process and the corrosion resistance comes at the
expense of structural properties. For most aerospace applications, S-glass – ‘s’tructural
glass — is used. It has better temperature resistance and is stronger than either E or C glass
which offsets expensive manufacturing [61]. Table 2.2 gives the typical compositions for
E, C and S glass. Recently, other grades of glass fibres have been used, too. D-glass has
been used in the electronics industry for it’s ‘d’ielectric properties and E-CR-glass is a
‘c’orrosive ‘r’esistant form of E-glass [65].
Table 2.2: Composition of glass used in fibre manufacture [65]. All values in wt %.
E-glass C-glass S-glass
SiO2 52.4 64.4 64.4
Al2O3, Fe2O3 14.4 4.1 25.0
CaO 17.2 13.4 —
MgO 4.6 3.3 10.3
Na2O, K2O 0.8 9.6 0.3
Ba2O3 10.6 4.7 —
BaO — 0.9 —
Glass fibres used in composite applications usually range in diameter between 10 and
20 µm. The linear density of a glass fibre tow is usually given as a tex number in the
units of grams per linear kilometre. Glass fibre are supplied in rovings and are generally
between 150 tex and 9600 tex [66].
2.3.3 Aramid Fibres
Organic fibres are used for structural polymer composites; of these the aromatic polyamides
or aramids are the most common. Kevlar R© is commonly identified with aramid, whereas
Kevlar R© is the tradename for Dupont’s aramid which was first developed in 1965. Its
original application in 1971 was for reinforcing rubber automobile tyres, but by the mid
‘70’s the first trials using Kevlar R© in armour applications were carried out by the US
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National Institute of Justice. The US Army commissioned the first aramid flak jackets
and helmets in 1978 [49, 67].
The chemical reaction that gives rise to Kevlar R© fibres is a condensation polymeri-
sation reaction between para-phenylene diamine (figure 2.12a) and terephthalamide (fig-
ure 2.12b) which results in poly(p-phenylene terephthalamide), PPT, (figure2.12c) which
is an aramid.
(a) Terephthalamide (b) Para-phenylene diamine
(c) poly(p-phenylene terephthalamide (PPT)
Figure 2.12: The condensation reaction between terephthalamide and para-phenylene di-
amine results in PPT.
Aramid fibres are produced by solution wet spinning. The polymer precursor powder
is dissolved in sulfuric acid at 80◦C, then extruded through small holes — called spin-
nerets, hence spinning — and finished in a bath [64]. The bath contains water which
is miscible with the solvent (sulfuric acid) in the fibre but which is a non-solvent for the
polymer; hence the water leaches out the sulfuric acid. The spinning causes the molecules
in the fibres to align, but further alignment is achieved through heating under tension
while the fibres are being dried. This alignment and strong covalent bonding is what
gives aramid fibres its longitudinal strength and high modulus. In the transverse direc-
tion, weak hydrogen bonds make the resultant fibres highly anisotropic. This can be seen
in figure 2.12c. The aromatic chains are the strong covalently bonded backbone, with
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only hydrogen bonds between the chains [68].
2.3.4 Carbon Fibres
Carbon fibres (or graphite fibres) are the most widely used reinforcement for advanced
composite applications. Sporting equipment, cars, motorcycles and advanced military
and commercial aircraft all utilize carbon fibre composites because of their high specific
modulus, that is their Young’s modulus per unit specific gravity.
(a) Carbon atoms in a graphite sheet. (b) van der Waals bonds between graphite
sheets [40].
(c) Suprastructure within a carbon fibre [69].
Figure 2.13: The structure of carbon fibres.
The fibres, whose diameters range between 25 and 40µm, are strong due to the align-
ment of the basal planes of the graphitic molecule (figure 2.13a). Within the plane there
is strong covalent bonding. Figure 2.13b shows a graphite molecule showing strong in-
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plane covalent bonding and out-of-plane the sheets are held together with weaker van der
Waals forces [1, 60, 61, 64]. Carbon atoms in this arrangement are 1.42 Å apart and each
sheet is spaced 3.4 Å from each other.
During processing, the basal planes are aligned, generating the carbon fibre’s strength.
However, this process results in a high degree of anisotropy. This strong in-plane and
weak out-of-plane bonding is analogous to the longitudinal versus transverse anisotropy
of aramid fibres as discussed in section 2.3.3. Figure 2.13c shows a schematic repre-
sentation of the structure of carbon fibres based on X-ray diffraction and electron mi-
croscopy [69].
Carbon fibres are produced by decomposing an organic precursor at high temperature
and pressure. The most common precursors are polyacrylonitrile (PAN) (figure 2.14),
petroleum pitch — a waste product from the oil industry — and rayon. [25, 64]
Figure 2.14: Polyacrylonitrile is one of the most widely used precursors for carbon fibres.
To produce carbon fibres from a PAN precursor, the polymer is first wet spun and
stretched, then stabilized at 220 ◦C into a PAN filament. The PAN filament, depending on
the care taken during processing, can then be processed into a long carbon fibre. [70, 71]
Fibres made by this process will be referred to as PAN fibres for the remainder of this
thesis, even though PAN is the precursor material not the fibre material itself. The fil-
ament is carbonized under a stress at 1000 ◦C to create oriented fibres that have a rel-
atively low modulus. Then they are graphitized at 2000 ◦C with or without an external
stress. Applying a stress results in a high modulus/low strength fibre whereas not apply-
ing a stress results in low modulus/high strength fibre. Plasticizers in the graphitisation
step, such as acetic acid and potassium permanganate, have been used to increase the
strength of the fibres by allowing them to be stretched further creating smaller, less im-
perfect fibres [72]. Selected properties of carbon fibres are listed in table 2.3. The rela-
tionship between Young’s modulus, strength and heat treatment temperature is shown in
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figure 2.15 [73, 74].
Figure 2.15: The effect of heat treatment temperature on the strength and Young’s modu-
lus of PAN fibres [72].
To produce carbon fibre from pitch (figure 2.16), polyvinylchloride (PVC) is heat
treated to 350 ◦C where it changes into anisotropic mesophase pitch, which is an inter-
mediary stage between the PVC and the carbon fibres. As stated earlier, some pitch is
also gathered as a waste product from oil production. Either way, the mesophase pitch is
mill-spun and drawn, followed by a heat treatment to stabilize the fibres. The fibres are
then carbonized under a stress at 1000 ◦C to create oriented fibres that have a relatively
low modulus. Much like PAN fibres, they are then heat treated to 2000 ◦C either with or
without stress with similar results. After manufacture, within carbon fibres there are areas
of high order interspersed with more disordered areas as exhibited in figure 2.13c [40,69].
Figure 2.16 is a schematic diagram of the PAN and pitch processes.
50
2.4. PRE-IMPREGNATION
Figure 2.16: Schematic of carbon fibre production [75].
It should be noted that compared to glass fibres, carbon fibres have much higher mod-
ulus and strength and much lower specific gravity. Despite the increased cost, this com-
bination of properties make carbon fibres ideal for composite materials. This thesis will
focus on carbon fibre reinforced tri-functional and tetra-functional epoxy matrices where
the fibres are unidirectional.
Table 2.3: Selected properties of carbon fibres [25].
Specific Young’s Tensile Tensile Coefficient of
Gravity† modulus Strength Strain to Failure Thermal Expansion
Material ρ/ρH2O E(GPa) σy(MPa) mm/mm(%) m/m/◦K × 10−6
Low Modulus 1.8 230 3450 1.1 −0.4
High Modulus 1.9 370 2480 0.5 −0.5
Ultra High Modulus 2.2 900 3800 0.4 −0.5
† - The densities in specific gravity, ρ/ρH2O, are in g/cm3.
2.4 Pre-impregnation
Previous sections discussed polymer matrix materials (section 2.2) and their reinforce-
ments (section 2.3). Putting them together to make a composite material is the next step.
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There are a number of methods that create a C-staged composite directly from fibres and
matrix material — the so-called ‘wet’ processing methods such as resin transfer mould-
ing, filament winding and pultrusion [76–80].
As an alternative, some methods subject the resin and reinforcement to an intermediate
stage. Prepreg is continuous fibre reinforcement pre-impregnated with either a B-staged
(partially crosslinked) thermoset resin/hardener system or a thermoplastic. Prepregging
allows for a relatively uniform composite as the fibre content, resin infiltration, tape thick-
ness and amount of crosslinking in the B-stage can all be controlled [81]. At room tem-
perature, the epoxy will continue, albeit slowly, to crosslink so they are stored at −18◦C
or lower to arrest curing. Prepregs typically have a shelf life in a freezer of about six
months, but this time is reduced by any time spent out of the freezer.
2.4.1 Solvent Impregnation
Many epoxy resins can be dissolved in a solvent such as dicholoromethane to signif-
icantly reduce the viscosity. A series of rollers keep the fibre tows under tension as they
are fed through the solvent/resin bath. From the solvent/resin bath the fibre tows are sent
through a metering device that monitors the resin content and thickness of the tape. From
there, the tape is sent through a drying oven to drive off the solvent before finally being
sent to a chiller roller and wrapped onto a roll [64]. Figure 2.17 is a schematic of the
solvent impregnation process.
Figure 2.17: Schematic of the solvent pre-impregnation process [82].
B-staged resins are tacky so prepregs are manufactured with a paper backing to pre-
vent layers from adhering to one another. Solvent impregnation allows for excellent resin
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infusion, however any leftover solvent that is not driven off in the drying stage can detri-
mentally affect the resin [10].
2.4.2 Hot Melt Impregnation
When possible, high quality prepreg manufacturers prefer hot melt impregnation.
Rather than using a solvent, the resin is infused by heating the resin to a temperature which
significantly reduces the viscosity, but which does not result in significant crosslinking.
Compared to solvent impregnation the relatively high viscosity of the melt poses infusion
problems, however there are no detrimental effects associated with solvents. Figure 2.18
shows a schematic of a hot melt process [83].
Figure 2.18: Schematic of the hot melt pre-impregnation process [83].
The fibre tows in this example are fed through an impregnation zone where they are
infused with hot resin. A slight compresive force is applied in the impregnation zone
to help impregnate through the thickness of the laminate. However if too much force is
applied, the fibre bed becomes compacted making them impermeable to the resin. To
solve this problem, the plate applying pressure also “kneads” the laminate to assist resin
impregnation.
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Figure 2.19: Schematic of the film hot melt pre-impregnation process [64].
The most frequently used method is film hot-melt impregnation. It is very similar to
the hot melt process, but the resin is infused from two sides. This is accomplished, as seen
in figure 2.19, by sandwiching fibres between two resin films. The tri-layer structure is
then heated and consolidated between two beds which also knead the resin into the fibres.
2.5 Composite Processing
Consolidation and solidification of laminate composites is achieved through the ap-
plication of both heat and pressure. However, prepreg tapes are quite thin. Depending on
the form of the fabric reinforcement, typical composite prepreg tape is between 0.125 and
0.25 mm per ply. In order to construct a composite panel or part, it is necessary to build
up the plies. The laminates can then be processed in a variety of ways to meet the needs
of a particular application.
2.5.1 Vacuum Bagging
Consolidation of laminate composites is achieved through the application of both heat
and pressure. This places certain requirements and restrictions on the preparation of a
laminate. The layup procedure should allow for a fully consolidated part to be made that
cures fully with a minimum of voids [76].
Typically the shape of the composite is defined by a rigid tool, as shown in figure 2.20
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(part five). In this research, the tool used is flat for simplicity. In practice the tool is often
a mirror image of simple shapes so that the part that is taken off the tool after processing
is the desired shape. Tools can be made from metal, high temperature plastics or even
fully cured composites [76].
Epoxy resins tend to adhere to most materials used as moulds (or tools). Therefore a
layer of non-porous peel ply (part eight in figure 2.20) and/or some other release agent is
often applied to the mould before the composite laminate stack is placed on it. A porous
peel ply layer (part three in figure 2.20) is placed atop the laminate. This layer allows
excess resin to flow through the peel ply while preventing the curing resin from sticking
to a layer of breather, or bleeder cloth, that is placed atop the porous peel ply.
Breather cloth (part two in figure 2.20) allows evolving gas to escape and to absorb
the excess resin from the top of the laminate. Despite this, resin will often flow out the
sides of the laminate under pressure. While breather clothes absorb the excess, it is often
necessary to place an edge dam around the laminate to maintain the shape of the part and
control the resin content near the edges.
Figure 2.20: A standard plate layup [84].
Once completed, the entire layup is then placed under vacuum pressure to aid in con-
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solidation and in removal of gasses that would otherwise form voids in the final part. The
vacuum bag (part six in figure 2.20) is an impervious Nylon film. It is held on the base
plate by vacuum sealant tape (part nine in figure 2.20). The vacuum port (part one in fig-
ure 2.20) is put anywhere that is in contact with the breather cloth so that escaping gasses
can be removed. To further aid in removal of voids, the layup is debulked periodically.
Debulking consists of simply placing an incomplete layup under vacuum to aid in ply-
to-ply green adhesion and remove as many voids as practical before the laminate is fully
processed [76]. Manufacturers’ specifications determine the amount of plies that should
be laid up between debulks.
Essentially, laying up boils down to placing the composite prepreg material onto a
mould, installing the breather and peel ply inside a vacuum bag and finally sealing the
bag and ensuring there are no leaks. The layup is now ready for curing.
2.5.2 Oven Curing
Composite materials can be cured in ovens using various pressure application meth-
ods; most commonly vacuum pressure is used. Alternatively for oven composite curing,
shrink wrap or shrink tape is often used. This tape is wrapped around the completed
layup, usually with only a layer of release agent between the tape and the layup. Heat
is then applied to the tape which in turn shrinks substantially due to the tape’s polymer
structure, generating pressure. After shrinking, the layup is placed in an oven to cure.
This method is capable of producing high quality parts, however it is important to
precisely apply shrink tape as it can leave its own imprint on the final part. Secondly,
during cure, the shrink tape will not continue to shrink and therefore the flow of the resin
needs to be limited [77]. If the resin is allowed to flow freely, the tape will no longer apply
any pressure to the processing part allowing void formation. Despite design controls, just
like any oven a composite curing oven will exhibit variable temperatures throughout the
chamber, as relatively hot and cold air pockets form, which must be taken into account.
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2.5.3 Autoclave
The most widely used process to manufacture advanced CFRPs is the autoclave pro-
cess. An autoclave is essentially a large pressurized oven, i.e. a closed pressure vessel
that enables precise control of both the pressure and temperature to which the laminate is
exposed. This allows the interrelated processes of heat transfer, resin viscosity changes,
resin flow, chemical crosslinking as well as the formation, growth and transport of voids to
be controlled. Currently the autoclave process is the industry standard method to produce
consistent, high quality parts [25].
Complex structures are possible because, similar to oven curing, shapes are limited
only by the size of the autoclave and the shape of the mould. The main drawback of
the autoclave is the fact that a heated gas, typically nitrogen or air, is the heat transfer
medium. Particularly in large autoclaves, such as the one shown in figure 2.21, signif-
icant amounts of time and energy are needed to adequately raise the temperature of the
autoclave itself. Moreover, heat transfer between the hot pressurized gas and the curing
resin is slow and, just as in a curing oven, relatively hot and cold areas form within the
autoclave. Parts processed in an autoclave are particularly susceptible to moisture in the
layup and variations in the temperature and pressure within the vessel itself. It is possible
to fabricate thick panels but thermal runaway, caused by the reaction exotherm, in the
epoxy can cause degradation of the matrix unless very slow heating rates are employed.
The typical cure cycle for an autoclave system consists of a slow ramp to the cure tem-
perature, followed by a dwell to allow for gelation and curing and finally the temperature
is reduced to room temperature. Sometimes, depending on the resin, it is necessary to use
an intermediate dwell to extend the processing window so that the resin can properly flow
and wet the fibres. Typical processing temperatures range from about 160 ◦C to 190 ◦C
and curing typically occurs under an over-pressure of about 700 kPa. However most auto-
claves are capable of reaching temperatures in excess of 350 ◦C and to over pressures of
up to 2,000 kPa [77]. Figure 2.22 demonstrates a typical cure cycle. The heating ramps
involved are approximately 2 ◦C per minute [85]. This particular cure cycle involves an
intermediate dwell for an hour at 130 ◦C. While the temperature of the chamber increases
it is sometimes necessary to dwell for long periods of time, this may be in order for the
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part to attain the external temperature for a time sufficient to enable cure or may also be
required to prevent thermal runaway. This is due to the poor heat transfer between the
gaseous atmosphere and the part. This cycle takes over five hours.
Figure 2.21: The tail section of an aircraft being placed in a large autoclave [85].
Figure 2.22: A typical cure cycle for use in an autoclave [85].
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2.6 Quickstep Processing
Because of the time and energy involved in creating high-quality composite parts in
an autoclave there are a number of rapid out-of-autoclave methods that have been used
to cure laminates. These include utilizing microwave energy [86–88], radio frequency
energy [89, 90] and electron-beam [91, 92]. Quickstep is a novel rapid out-of-autoclave
polymer composite processing technology. The technique utlizes a glycol heat transfer
fluid (HTF) to conduct heat to and from an uncured laminate stack more efficiently than
is possible in an autoclave [93, 94]. This precise temperature control allows for a signifi-
cantly reduced cure-cycle time.
Advanced CFRPs have not been as widely used within manufacturing as would be
predicted from their superior mechanical and structural performances. This is due in part
to the cost of the raw materials but also to the complexity, time and energy costs required
to create consistently uniform parts with most processing techniques [7, 94]. Therefore
the use of advanced CFRPs has been essentially limited to industries that already have a
high product cost, such as the aerospace industry, or to industries in which cost is not as
much an issue, such as high-end sporting equipment.
For Quickstep the uncured laminate stack is prepared using the vacuum bagging tech-
nique described in section 2.5.1 and placed in a pressure chamber comprising of HTF
retained by silicone bladders. The silicone bladders provide a flexible membrane that
conforms to the shape of the vacuum-bagged laminate. Figure 2.23 shows a cross section
of the Quickstep chamber.
Precise temperature control is maintained by circulating HTF through the bladders.
The heart of the process is the Quickstep production unit shown in figure 2.24. The
Quickstep system uses poly(ethylene glycol) as the HTF. A three tank system — contain-
ing fluid at cure temperature, close to room temperature and dwell temperature — and an
integrated booster circuit are used to control the temperature of the fluid supplied to the
chamber.
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Figure 2.23: Schematic of the Quickstep chamber.
Each storage tank is pressurized by nitrogen gas, which will not react with the HTF.
During cure the pressure head moves fluid from the appropriate tank to the pressure cham-
ber via control valves. A pump removes fluid from the pressure chamber to maintain
pressure in each bladder. Typical over pressure is about 10 kPa which is much lower
than that produced by an autoclave. However as the matrix resin can be brought to its
working viscosity much quicker during the initial stages of cure, this low pressure is suf-
ficient to enable consolidation with a minimum of voids [95]. Additionally the volume of
hot fluid contacting the part acts as a large heat sink to effectively dissipate any reaction
exotherms [7].
To cure a composite part, heated fluid is circulated from one of the three tanks to
the pressure chamber and then from the pressure chamber back to one of the three tanks.
Initially, to effect rapid heating, the fluid is taken from the hot tank to the chamber. To cool
the part at the end of the cycle, colder fluid is circulated through the system. Although
the rate of cooling can be modified by increasing or decreasing the temperature of the
cold tanks, parts are typically cooled as fast as possible until they reach about 50 ◦C so
they can easily be handled without hand protection. The temperature of each tank is set
according to the requirements of the particular cure cycle. To account for thermal losses
while the HTF is in transit from the tanks to the chamber and allow for faster heating
rates, the temperature of the first tank is normally set between 10 ◦C and 20 ◦C above the
upper temperature required during cure.
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Figure 2.24: The Quickstep plant at the NWCC in Manchester.
The Quickstep plant also has a booster heater. During the dwell stages fluid is circu-
lated through the chamber to the booster where it is re-heated to the set temperature. To
effect intermediate dwells at lower temperature than that of the full cure temperature, the
second tank is set to between 10 ◦C and 20 ◦C above this required temperature. The sec-
ond tank is also used to store hot fluid that returns from the chambers at a slightly lower
temperature due to heat loss in the system due to heating of the sample.
Sensors incorporated into the pressure chamber are used to automatically control the
speed of the pump to maintain constant pressure inside the pressure chambers. The upper
temperature and pressure limits of the machine are limited by the mechanical performance
of the silicone diaphragms/membranes currently used in the pressure chamber setup. The
upper temperature limit has been set to 190 ◦C due to material constraints in the plumbing
system. Chambers can be designed to make simple shapes such as a flat panel or more
complex shapes, such as tubes [5, 6, 96] and T-sections [97].
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2.6.1 Comparison of Quickstep with Autoclave Processing
Figure 2.25 demonstrates the key difference between the autoclave and the Quickstep.
Note that for the same composite system, which has a substantially more complex cure
cycle than the system demonstrated in figure 2.22, the autoclave cycle is approximately
ten hours with an intermediate full temperature dwell. The intermediate dwell is to ensure
that the viscosity for the fluid is low enough to properly flow and wet the fibres [9]. In
contrast the total Quickstep cycle time is only two and half hours, including a sixty minute
lower temperature dwell.
Figure 2.25: Typical cure cycles for the same CFRP using an autoclave in red and Quick-
step in blue [9].
It has been shown that the fracture behaviour of parts produced by Quickstep compare
favourably with laminates made in an autoclave [98, 99]. Zhang et al. [9] show that the
GIC-vis, the visible mode I interlaminar crack initiation value, is similar in both the
Quickstep and the autoclave materials as shown in figure 2.26. The same study found that
the creep resistance of the Quickstep material was significantly higher than that of the
autoclaved material as shown in table 2.4.
62
2.6. QUICKSTEP PROCESSING
Figure 2.26: GIC versus crack length in CFRP processed in an autoclave (black square)
and Quickstep (grey circle) [9].
Table 2.4: Visco-elastic properties of autoclave and Quickstep CFRP [9].
Young’s Young’s
Load modulus modulus Viscosity
Material P (mN) E1 (GPa) E2 (GPa) η (GPa s)
Autoclave 10 0.484 3.587 2608
Quickstep 10 0.535 4.561 3523
Autoclave 20 0.460 3.724 2389
Quickstep 20 0.658 10.277 5277
E1 is the Young’s modulus along the fibre length, E2 is the Young’s modulus orthog-
onal to the fibre direction and η is the viscosity term that determined the time-dependent
creep of the material.
Herring et al. [100,101] found the surface of a Quickstep processed part to be less sus-
ceptible to environmental damage than laminates processed in an autoclave. Figure 2.27a
shows microscopy results for an autoclaved part and a Quickstep part, first painted, then
exposed to UV-B rays and 70 ◦C heat for one week. The autoclaved part showed 200
µm bubbles and the Quickstep panel 100µm bubbles. Figure 2.27b shows equivalent
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specimens after one week of exposure to water at 70 ◦C. The same study also demon-
strated that after exposure to various environments, the Quickstep panels consistently had
a smoother surface than the autoclaved parts making it a desirable process for automotive
applications.
(a) Autoclave, left, and Quickstep right, after exposure to UV-B and heat for one
week.
(b) Autoclave, left and Quickstep right, after exposure to water and heat for one
week.
Figure 2.27: Microscopical comparison of environmental effects on CFRPs processed
with an autoclave and Quickstep [100]
2.6.2 Hot Press/Die Moulding
A hot press applies heat and pressure through two hot platens that are controlled by a
hydraulic ram. This is the simplest method to process composites. Press curing produces
high quality parts with low void contents [102]. Its major limitation is that pressure may
only be applied uni-axially. While shaped moulds are often used to process shapes with
simple curves or bends, complex shapes are all but impossible to make. The heating
and cooling rates are dependent on the hot press’ capability to heat and cool the platens.
Materials for the platens are therefore chosen to rapidly conduct heat. Despite this, ramp
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rates over 5 ◦C min−1 are difficult to achieve. The process is as follows:
1. Composite material is placed in the mould cavity.
2. Cure monitoring devices such as thermocouples are installed.
3. The press is closed and the composite material is cured. Pressure, temperature and
time are monitored during the cure cycle to ensure curing parameters are met [77].
The main advantage of using a hot press is that the uniaxial pressure is only limited by
the strength of the ram that applies the force. High pressures, on the order of hundreds of
atmospheres, are possible with simple hydraulic rams. As will be discussed next, pressure
is important in eliminating voids during consolidation.
2.6.3 Void Control During Processing
Porosity is one of the major contributing factors to premature failure in composite
materials; promoting both crack initiation and crack propagation. This results in re-
duced flexural strength, tensile strength and interlaminar properties [103–106]. It has been
shown [106], for a glass-fibre reinforced epoxy composite, that every 1% increase in voids
depreciates the intelaminar shear strength by four to ten MPa and increases the amount
of water absorption, another critical factor in composite strength [106]. For carbon-fibre
epoxy composites, it is proposed that the critical void percentage is close to 1% [104]; as
below 1% the interlaminar shear stress and flexural strength did not change, but above 1%
the strength dropped sharply.
Voids are formed by trapping air or volatile gasses from the composite stack during
processing. Boey et. al. [107, 108] summarized the initial occurrence of voids to be from
the following major sources:
1. Dissolved volatiles within the prepreg resins.
2. Bubbles evolved from the mixing process.
3. Voids created by the presence of various embedded particles as well as loose fibres.
4. Air pockets trapped during the layup of the fibres and resin.
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5. Ply terminations.
Vacuum bagging (as discussed in section 2.5.1) can help to reduce voids, but the viscosity
of the resin changes dramatically during curing, dropping during initial heating and then
increasing rapidly during gelation. The cure cycle ha an immense effect on the void
content. Therefore the vacuum is at its most effective when the resin is at its most viscous
prior to crosslinking, i.e. when it can do the least good [109].
Kardos has summarized a number of studies on void formation, the conclusions of
which are now outlined [110]. At equilibrium, i.e. constant temperature and pressure,
voids are stable but may grow when the void pressure is equal to or exceeds the surround-
ing resin’s hydrostatic pressure plus the surface tension forces. Equation 2.6.1 describes
the equilbrium condition where a void is stable but will not grow.
Pg − Pe = γLV
mLV
(2.6.1)
Pg and Pe are the void and resin pressures, respectively, γLV is the resin-void surface
tension and mLV is the ratio of void volume to void surface area. Thus, at equilibrium,
the difference in pressure is countered by the surface tension forces.
In the same review [110], Kardos also described a model to predict diffusion-controlled
void growth under non-equilibrium conditions i.e. changing pressure and temperature dur-
ing the cure cycle. The model makes a number of assumptions; namely:
1. There is no void migration between plies.
2. There is no interaction or coalescence between voids.
3. Moisture voids are nucleated instantaneously and air voids are trapped air present
in the system from the layup process.
Equation 2.6.2 gives the critical minimum pressure (in atm), Pmin that must be maintained
in order to avoid void formation as a result of moisture [110].
Pmin ≥ 4.962× 103e− 4892T (RH)0 (2.6.2)
T is the temperature during the cure cycle in degrees K and (RH)0 is the initial relative
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humidity exposure of the prepreg. In order to prevent the potential for void growth by
diffusion at all times and temperatures during the cure cycle, the pressure at all times must
satisfy equation 2.6.2. Figure 2.28 shows equation 2.6.2 graphically for (RH)0 = 100%
and 50%.
Figure 2.28: A graphical representation of equation 2.6.2 for void growth [110]. The
curve on the left represents (RH)0 = 100% and the curve on the right represents (RH)0 =
50%.
Notice the significant effect that the initial relative humidity has on the pressure needed
to avoid void formation. To the right of each curve is the area where the pressure is in-
sufficient to avoid void growth. To the left of each curve is the area where the pressure is
sufficient to deny voids the opportunity to grow. Whilst this model was made specifically
with autoclave processing in mind, it also applies to any composite processing methods.
2.7 Composite Laminate Theory
As stated in section 2.1, composites are highly anisotropic. The fibres provide most
of the strength and stiffness while the matrix material creates a stable medium. Therefore
the orientation and distribution of individual plies affects the elastic properties of the
bulk. Jones [111] and Chou [112] reviewed composite laminate theory in their books.
What follows in this section has been summarized from those two works.
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The stresses at a point in a solid can be represented by the stresses acting on the
surface of a cube using the notations in figure 2.29. σ11, σ22 and σ33 are the normal
stresses along the major axes. τ23, τ31 and τ12 are the shear stresses where the first number
is perpendicular to the axis upon which the force is acting and the second number is
the direction of the force. The corresponding strains are ε11, ε22 and ε33 in the normal
directions and γ23, γ31 and γ12. For the sake of ease, the normal stresses and strains are
simplified to σ1, σ2, σ3, ε1, ε2 and ε3.
Figure 2.29: Stress elements acting on a unit cube.
Hooke’s law relates stress, σ, to strain, ε, under a uniaxial stress by the relation in
equation 2.7.1.
σ = Eε (2.7.1)
This serves as a definition of E, Young’s modulus. The shear modulus G is similarly
defined by the relation in equation 2.7.2.
τ = Gγ (2.7.2)
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where γ is the shear strain. For an isotropic material, the shear modulus is defined in
equation 2.7.3 where ν is Poisson’s ratio (2.7.4), which is the negative ratio of transverse
strain to longitudinal strain.
G =
E
2(1 + ν)
(2.7.3)
ν = −εtran
εlong
(2.7.4)
In the general form, Hooke’s Law can be expressed as:
σi =
6∑
j=1
Cijεj (2.7.5)
The stress components are σi and the strain components are εj . Cij is called the stiffness
matrix, so equation 2.7.5 expands to:

σ1
σ2
σ3
τ23
τ31
τ12

=

C11 C12 C13 C14 C15 C16
C12 C22 C23 C24 C25 C26
C13 C23 C33 C34 C35 C36
C14 C24 C34 C44 C45 C46
C15 C25 C35 C45 C55 C56
C16 C26 C36 C46 C56 C66


ε1
ε2
ε3
γ23
γ31
γ12

(2.7.6)
Note that Cij = Cji. Simple linear algebra will demonstrate that there are six equations
that relate the stress to strain. Equation 2.7.7 gives an example for σ1.
σ1 = C11ε1 + C12ε2 + C13ε3 + C14γ23 + C15γ31 + C16γ12 (2.7.7)
It can be seen that a composite material has two planes of symmetry in each ply;
one is along the fibres and one is orthogonal to the fibres. Such materials are known as
orthotropic. In orthotropic materials, a number of secondary coupling coefficients drop
to zero because stresses are symmetrical in the material. Equation 2.7.6 therefore reduces
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to: 
σ1
σ2
σ3
τ23
τ31
τ12

=

C11 C12 C13 0 0 0
C12 C11 C23 0 0 0
C13 C23 C11 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66


ε1
ε2
ε3
γ23
γ31
γ12

(2.7.8)
There also exists equations relating strain to stress where Sij is the compliance matrix. It
should be noted that [Cij] = [Sij]
−1 and C44 = C55 = C66 = 12 (C11 − C12).
εi =
6∑
j=1
Sijσj (2.7.9)
The compliance matrix reduced for an orthotropic material is:

ε1
ε2
ε3
γ23
γ31
γ12

=

S11 S12 S13 0 0 0
S12 S22 S23 0 0 0
S13 S23 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S55 0
0 0 0 0 0 S66


σ1
σ2
σ3
τ23
τ31
τ12

(2.7.10)
The compliance matrix can be expressed in terms of the three engineering terms, E, ν
and G. For uniaxial tests or pure shear tests, ν and G are related through equation 2.7.2,
so the entire matrix can in fact, be expressed in only two independent terms. The terms in
the compliance matrix [S] are derived from equation 2.7.1 and equation 2.7.4 for specific
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directions.

ε1
ε2
ε3
γ23
γ31
γ12

=

(
1
E11
)
−
(
ν21
E22
)
−
(
ν31
E33
)
0 0 0
−
(
ν21
E11
) (
1
E22
)
−
(
ν32
E33
)
0 0 0
−
(
ν13
E11
)
−
(
ν23
E22
) (
1
E33
)
0 0 0
0 0 0
(
1
G23
)
0 0
0 0 0 0
(
1
G13
)
0
0 0 0 0 0
(
1
G12
)


σ1
σ2
σ3
τ23
τ31
τ12

(2.7.11)
[S] can be even further reduced. Individual lamina are thin enough that the through-
thickness stresses can assumed to be zero. Therefore, any terms in the 3, or z direction
are set to zero resulting in equations 2.7.12 and 2.7.13 using engineering terms.

ε1
ε2
γ12
 =

S11 S12 0
S12 S22 0
0 0 S66


σ1
σ2
τ12
 (2.7.12)

ε1
ε2
γ12
 =

(
1
E11
)
−
(
ν12
E11
)
0
−
(
ν12
E11
) (
1
E22
)
0
0 0
(
1
G12
)


σ1
σ2
τ12
 (2.7.13)
The reciprocal relationship does not involve the stiffness matrix [C], but rather the
reduced stiffness matrix [Q], such that Q11 = C11, Q12 = C12 etc.
σ1
σ2
τ12
 =

Q11 Q12 0
Q12 Q22 0
0 0 Q66


ε1
ε2
γ12
 (2.7.14)
Equations 2.7.12 and 2.7.14 only apply for single lamina or a very thin laminate. For
thicker components the secondary coefficients re-emerge due to the complexity of having
many laminates. However, if a general direction along the x-y plane is considered, the
shear components reemerge and result in the transformed reduced compliance,
[
S¯
]
and
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stiffness,
[
Q¯
]
matrices.

σx
σy
τxy
 =

Q¯11 Q¯12 Q¯16
Q¯12 Q¯22 Q¯26
Q¯16 Q¯26 Q¯66


εx
εy
γxy
 (2.7.15)

εx
εy
γxy
 =

S¯11 S¯12 S¯16
S¯12 S¯22 S¯26
S¯16 S¯26 S¯66


σx
σy
τxy
 (2.7.16)
[
Q¯
]
is related to [Q] by the transformation matrix, [T ], which is a series of trigono-
metric conversion factors to change an x-y-z coordinate system to an x′′-y′′-z′′ coordinate
system that is offset by an angle θ so that
[
Q¯
]
= [Q] [T ].

σx
σy
τxy
 =

cos2 θ sin2 θ −2 sin θ cos θ
sin2 θ cos2 θ 2 sin θ cos θ
sin θ cos θ − sin θ cos θ cos2 θ − sin2 θ


σx′
σy′
τxy′
 (2.7.17)
By varying the angles of stress applied as shown in figure 2.30, it can be shown how
sensitive elastic properties are to fibre direction. At 0◦ the stiffness of a unidirectional
ply is dominated by the stiffness of the fibres. At 90◦ the stiffness is dominated by the
stiffness of the matrix. As can be inferred, the shear modulus Gxy is at a maximum at 45◦
to the fibre angle. This is because the load is equally distributed in the x and y directions.
The relationship between Poisson’s ratio and fibre angle in figure 2.31 is less straight
forward and less dependent on fibre direction. This example uses a glass fibre reinforced
polyester. The curve for Poisson’s ratio in figure 2.31 is material dependent since it is not
a ratio of two properties, as are the other curves in figures 2.30 and 2.31.
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Figure 2.30: Ex/E‖ and Ex/E‖ as a function of fibre angle θ for a glass/epoxy composite
where Vf = 50% [113].
Figure 2.31: Gxy/G# and νxy as a function of fibre angle θ for a glass/epoxy composite
where Vf = 50% [113].
2.8 Failure Mechanics
Failure in composite materials, as in most materials, is primarily due to flaws. For
the most part, in composite materials, these internal flaws are voids generated during
processing as discussed in section 2.6.3.
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2.8.1 Origins of Strength
Assuming a crack is similar to an elliptical hole through a plate, when a normal stress
(σ0) is applied, the maximum stress, σm, is at the crack tip [60].
σm = 2σ0
√
a
ρt
(2.8.1)
The crack length is a and ρt is the curvature of the crack. If the crack is included a is
defined as half the crack length. However, if the crack is on an edge then a is the full
crack length. This concept, as well as the terms in 2.8.1, are demonstrated in figure 2.32.
Figure 2.32: Representation of a surface and internal through-thickness cracks in a solid.
The critical stress, σc, for crack propagation in a brittle material is described by equa-
tion 2.8.2 where γs is the specific surface energy of the material.
σc =
√
2Eγs
pia
≈ E
10
(2.8.2)
When the stress at the crack tip exceeds the critical stress, the crack will grow and cause
a brittle material to fracture. Nearly all brittle materials actually fail at a lower stress than
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described in 2.8.2. This is because materials contain flaws such as small cracks in various
sizes, shapes and orientations within the material [114]. For a real world material the
failure stress, σf , is given by
σf ≈
√
EGc
pia
(2.8.3)
Gc is the critical fracture energy, which is a measure of toughness of the material. It
should be noted that equation 2.8.3 is not an equality. This is because the amount and
distribution of flaws can greatly influence the toughness. This approach assumes there is
no plasticity and that the stress at the crack tip is sufficient to pull atoms apart.
Stress at a distance, r, from the crack tip is given by equation 2.8.4. When σ = σf
this reduces to equation 2.8.5. Kc is the fracture toughness which is related to Gc by
equation 2.8.6 [114].
σ(r) =
KI√
2pir
>
E
10
(2.8.4)
Kc ≈ E
10
√
2pia (2.8.5)
K2c = EGc (2.8.6)
This then directly leads to equation 2.8.7 which is the most common description of
fracture toughness.
Kc = σc
√
pia
KIc = σc
√
pia (2.8.7)
In equations 2.8.4 and 2.8.7 the toughness term, K is amended by the subscript I . The
subscript refers to mode I crack displacement. Figure 2.33 illustrates the three modes of
fracture. Mode I is pure tension or opening, mode II is normal or forward shear and mode
III is tearing or parallel shear. Whilst modes II and III are used for various specialized
tests, mode I is the most common approach to quantifying the toughness of a material.
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(a) Mode I: tension (b) Mode II: normal shear
(c) Mode III: tearing shear.
Figure 2.33: Schematics of the three modes of interlaminar fracture.
2.8.2 Strength of Composites
As with most other properties, it would be intuitive to think that the strength of com-
posites is described by the rule of mixtures. Equation 2.8.8 is analogous to equation 2.1.1
but Young’s modulus, E, has been substituted with tensile strength, σ.
σcomp = σm(1− Vf ) + σfVf (2.8.8)
This is in fact only valid when the fibre and matrix both have the same strain to failure,
which is unreasonable to expect. Therefore, equation 2.8.8 is insufficient in determining
the strength of a continuous fibre composite [112].
Aveston et al. developed a model based on load transfer between the matrix and fi-
bre. For many systems, the strain to failure of the relatively ductile matrix is signifi-
cantly higher than that of the relatively brittle fibre. When fibres fail, the load is then
transferred to the matrix. If the stress in the matrix at the point the fibres fail, σ′mu is
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sufficiently high, the matrix and therefore the composite will fail. This is represented in
equation 2.8.9 [115].
σfuVf + σ
′
mu > σmu (1− Vf ) (2.8.9)
Composite laminate theory — section 2.7— has been used in a variety of ways to
predict failure criterion. In chapter five of his book Tuttle summarizes various failure
criterion including Tsai-Hill and Tsai-Wu [25]. In the 1950’s, Hill expanded the von
Mises criterion for the yielding and subsequent failure of orthotropic metals. Tsai then
adapted Hill’s method for composites [113, 116]. A simplified version of the Tsai-Hill
failure criterion is given by the inequality
(σ11)2
(σfT11 )
2
+
(σ22)2
(σyT22 )
2
+
(τ12)2
(τ y12)
2
− σ11σ22
(σfT11 )
2
< 1 (2.8.10)
where failure of a transversely isotropic — i.e. isotropic in the x-y plane — will not occur
when equation 2.8.10 is satisfied. The superscript T refers to tension — composites act
differently in tension and compression – while the superscripts f and y refer to failure
and yield respectively. For more complicated geometries, including the general case,
additional terms are added for stresses out of plane.
Tsai and Wu later developed a failure criterion based on composite laminate theory
that treats failure mathematically like a matrix [117]. Again, failure will not occur if
inequality 2.8.11 is met for plane stress in the x-y plane.
X1σ11 +X2σ22 +X11σ
2
11 +X22σ
2
22 +X66τ
2
12 + 2X12σ11σ22 < 1 (2.8.11)
The constant coefficients (X1, X2 . . .) are based on the ultimate failure and yield strengths
of the material in different directions; consequently they are calculated using the ultimate
tensile and compressive strengths in various directions. As with inequality 2.8.10 there are
a number of terms that dropped to zero for plane stress that are available in the general
case. For pure tension, i.e. a load applied in the σ11 direction, the failure criterion is
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reduced even further to give equation 2.8.12.
X1σ
fT
11 +X11
(
σfT11
)2
= 1 (2.8.12)
2.8.3 Interlaminar Fracture
As a mode of failure, delamination is unique to laminated fibre reinforced compos-
ites [118]. Ply delamination can occur in any of the individual modes shown in figure 2.33
or as a mixed-mode failure.
Interlaminar cracking is primarily caused by stresses in the x-y plane parallel to the
fibre direction. These stresses arise due to the anisotropic interaction of the layers. If a
normal tensile stress is applied, matrix cracking can induce a separation of the layers. Fur-
ther artifacts such as free edges, through holes, local defects, surface scratches and defects
resulting from machining create stress risers where a local delamination is possible [118].
Matrix microcracking, matrix splitting, fibre debonding and fibre breakage also play a
role in delamination. However during processing the interface between two plies becomes
blurred. The matrix resin and fibre bundles interact due to resin flow and as a result fibre
tows can become intertwined. This phenomenon is called fibre bridging and can amelio-
rate the effect that porosity has on the bulk properties [119]. Methods for quantifying the
interlaminar fracture toughness, Kc and the critical strain energy release rate Gc will be
discussed in chapter 4.
2.9 Composite Bonding Techniques
Unless an entire composite component is small enough to fit inside a processing unit,
it is necessary to have joints within composite structures. As stated earlier, advanced
CFRPs are mainly used in aeronautical and nautical markets and require large parts to
be joined together. Traditional joining techniques applied to metallic airframes are no
longer applicable; as metal rivets create stress concentrations in the composite structure
and form a galvanic cell with the carbon fibres leading to corrosion and loss of struc-
tural integrity [25, 40, 60, 76, 77]. The use of mechanical fasteners also adds a great deal
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of weight, as extra composite material must be added to the area to account for local
increases in stress. In addition, the location of holes in the composite structure from
mechanical fasteners act as stress concentrators themselves [120,121].
2.9.1 Adhesive Bonding
An alternative to mechanical bonding is adhesive bonding. Bonds are formed across
the two adherents in a number of ways. This creates a stiff connection with excellent fa-
tigue properties. Additionally the interface is sealed against corrosion and is more damage
tolerant [77]. Some of the limitations of adhesive bonding are listed below:
• Non-destructive testing is extremely difficult
• Prone to environmental degradation
• Sensitive to residual stresses
• Cannot be disassembled and therefore very difficult to repair
• Requires a significant amount of energy, time and capital [122].
Failure in adhesive bonds fall under three categories as shown in figure 2.34. Zone
A demonstrates adhesive failure, or failure of the adhesive to adhere to the adherend.
In this case, the adhesive is pulled away from the adherend at the interface between the
two, often referred to as interfacial failure. Zone B demonstrates cohesive failure, or
fracture of the adhesive itself. Failure occurs wholly within the adhesive as a result of
either tensile, compressive and/or shearing forces. Therefore cohesive failure indicates
that a good bond was formed. Zone C demonstrates interlaminar failure, or failure of the
adherend. In composites, this is matrix fracture between plies. This mode of failure is
preferable because, in general, because it means that the strength of the adhesively bonded
joint and the adhesive itself are both stronger than the adherents.
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Figure 2.34: Adhesive, cohesive and interlaminar fracture in aluminium bonded to a com-
posite by an adhesive [123].
Mechanical overloading which leads to failure can occur for a variety of reasons,
however the most common is due to peel forces in an adhesive joint. Lap shear joints in
particular produce tensile forces at the base and end of the joint which leads to adhesive
failure [121]. Adhesives, in general, are much more resilient in shear than they are in ten-
sion making out-of-plane loads more dangerous to adhesive joints [124–126]. Modifying
the geometry of the joint as in figure 2.35 can reduce peel stresses as well as minimizing
shear stresses on the order of 30% [124]. To reduce the risk of interfacial failure various
design of joins have been developed as shown in figure 2.35.
(a) (b)
Figure 2.35: Various configurations for composite joints [127].
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As one moves down and to the right of figure 2.35 the joints are both more difficult to
fabricate and the stress is distributed better.
2.9.2 Co-curing
Co-curing is the simplest and most effective way to adhesively bond composite com-
ponents. Essentially, two component parts are cured at the same time, resulting in a pris-
tine, perfectly fitted interface. However material property mismatches can cause residual
stresses [77].
2.9.3 Secondary Bonding
Secondary bonding uses a pre-cured composite detail part. The most common exam-
ples are sandwich structures that use honeycomb cores. If the laminate is cured while atop
the core, the laminate stack can dip into the open spaces in the honeycomb structure. To
prevent this, the laminate stack is cured, then adhesively bonded to the honeycomb. This
method is reliant on the surface finish of the adherents and ambient humidity — moisture
is driven to the surface when heat is applied [77].
Most failures in secondary bonded structures occur at the interfacial surfaces. If mois-
ture was present during bonding, the bond more closely resembles mechanical interlock-
ing and fails reasonably easily.
2.9.4 Co-bonding
Co-bonding is a combination of co-curing and secondary bonding. To avoid stress
concentrations, one part is pre-cured and a second part is then cured with an adhesive
strip between the two.
2.9.5 Melding
Melding is a novel method of producing seamless joins in FRPs without the use of
adhesives [4, 11–13, 128]. Utilizing the precise temperature control of the Quickstep ma-
chine it is possible to partially cure composites. That is, it is possible to fully cure one
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region of a laminate stack while leaving the remainder uncured and chemically active.
Uncured parts are then co-cured together, without adhesive, so that chemical crosslink-
ing can occur. In this regard, melding is a specialized form of co-curing. This creates a
seamless join without mechanical fasteners or adhesive bonds.
Figure 2.36: Photograph of the chamber used to create a semi-cured part at the Victorian
Centre for Composite Manufacturing [4].
During a typical cycle, hot fluid is circulated through the two chambers on the right
and room temperature water is circulated through the chambers on the left. This creates a
semi-finished part where part of the composite is cured while the rest remains uncured [4].
Recent work done at the Victorian Centre for Advanced Materials Manufacturing
(VCAMM) in Geelong, Australia by T. Corbett and B. Fox [4,11–13] has dealt with meld-
ing along the x-y plane in the composite laminate. They have shown that it is possible
to minimize the transition zone between the hot and cold chamber to as low as 40 mm as
shown in figure 2.37. The temperature observed at any given location within the chamber
corresponded well to the degree of cure, as shown in 2.38.
Corbett’s PhD thesis, [4], discusses a number of the thermal and mechanical proper-
ties of the semi-cured and melded parts. To fully characterize the melded parts, properties
were measured in the uncured, cured and transition zones. It was found that the process
could be modified so that the void content of the part was consistent throughout the part
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regardless of the thermal history during the melding process. Similarly, mechanical prop-
erties such as short beam strength, flexural strength and open hole compression did not
vary throughout the sample. The two semi-cured parts are then combined and co-cured
using, in the case of the work at VCAMM, a traditional Quickstep chamber (figure 2.39).
Figure 2.37: Temperature profile in the melding chamber [13].
Figure 2.38: Degree of cure determined in a DSC versus both position and tempera-
ture [11].
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Figure 2.39: Stage two of the melding process where the half-cured part is fully cured
from [4].
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CHAPTER
THREE
COMPOSITE FABRICATION
This chapter describes the composite materials — Hexcel 6376 and Hexcel 8552—
and the equipment used to produce through-thickness melded panels. Through-thickness
melding is a hybrid curing technique which employs both hot press and Quickstep curing.
3.1 Prepreg Materials
During the bulk of this work Hexply 8552 prepreg was used. 8552 was chosen because
it is a material that has been aerospace qualified by both Boeing and Airbus [2]. It is
already flying on the A380 in key components including the central wing box, vertical
and horizontal stabilizer skins, stringers and stiffeners, tailcone and belly fairing [129].
This prepreg is a mixture of TGDDM and TGAP toughened with PES. The structure
and chemistry of TGDDM and TGAP were discussed in section 2.2.1.1 as was PES. The
hardener is a mixture of 4-4’ and 3-3’ DDS, which were also discussed in section 2.2.1.1.
The carbon fibre tows were 12K tows produced using the PAN fibre method described in
2.3.4.
Most of the work was carried out using unidirectional prepreg which was manufac-
tured using the hot melt process. Vm was listed as 33% and Vf as 57.7%. The re-
maining 9.3% were proprietary additions. The fibre density, ρf , was 1.77 g/cm3 and
the resin density, ρm, after curing was 1.30 g/cm3. The nominal cure ply thickness was
0.131 mm/ply [130].
For various characterization tests, which will be discussed in chapter 4, a woven Hex-
ply 8552 prepreg was used. The composition of the resin is identical, however, the woven
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material was manufactured using the solvent impregnation technique. This material was
only used for thermal testing so that the fibre structure was irrelevant to the results. The
woven fabric also used the same fibres, however as 6K tows rather than the 12K in the
unidirectional prepreg. The weave itself is a plain weave with a 50:50 warp to fill ratio.
Table 3.1 lists some specifications for Hexply 8552 [130].
Table 3.1: Selected properties from the manufacturer’s specifications for Hexply 8552
[130].
Fibre Density Tow Resin Density Vf Laminate Density Cure Ply Thickness Areal Density
ρf (g/cm3) ρr (g/cm3) (%) ρc (g/cm3) (mm) ρa (g/cm2)
UD 1.77 12K 1.30 57.70 1.57 0.131 —
Woven 1.77 6K 1.30 55.57 1.56 0.199 196
Areal density, ρa, is often called weight. It is defined as the mass per unit area, rather
than per unit volume.
In order to preserve 8552, which was in short supply, some of the preliminary work
utilized the chemically similar Hexply 6376 unidirectional prepreg. The reinforcement
used in 6376 is T800 carbon fibres from Toray and the hardener is simply 4-4’ DDS.
Finally the prepreg is manufactured using the solvent impregnation method leaving small
amounts of dichloromethane (DCM) solvent in the matrix [131]. Table 3.2 displays the
constituents and their percentages from the material safety data sheets [132, 133]. There
is a degree of uncertainty as to the exact compositions of the epoxy systems because they
are withheld for proprietary reasons by Hexcel.
Table 3.2: Prepreg compositions (wt% of resin) of Hexcel 8552 and 6376 [132,133].
TGAP TGDDM 4-4’ DDS 3-3’ DDS DCM
8552 15-40 15-40 1-15 10-30 —
6376 10-30 10-30 10-30 — 0-2
The prepreg was supplied directly from Hexcel as rolls of tape. The resin in the
tape was B-staged, however the extent of crosslinking that took place during this process
86
3.2. LAYUP
is unknown for proprietary reasons. Upon receipt, the prepreg was stored in a freezer at
−20 ◦C to arrest any further curing. Before being used, the prepreg was removed from the
freezer for a minimum of four hours to thaw before being used for either characterisation
tests or for layup and processing. While in the freezer, and whilst thawing, the rolls
were kept in an sealed bag with desiccant packs to prevent water absorption. Some of
the thermal work used neat 8552 resin, also supplied by Hexcel, without carbon fibre
reinforcement. The neat resin came as a film and was also stored in a sealed bag with
desiccant packs at −20 ◦C.
3.2 Layup
For preliminary work, plies were cut from the 6376 rolls into squares of 300 mm ×
300 mm using a box knife and straight edge. The layers were then stacked and marked
before lamination to reduce the possibility of directional errors. Lamination must be per-
formed in a dust free environment on grease free surfaces and requires great care to avoid
contamination of the lamina surface. Any foreign matter included in the final product can
cause stress concentrations and/or voids which are detrimental to the strength and overall
performance of the composite. Furthermore, any obstructions in the path of the fibres
compromize the uniformity of fibre distribution. Such disturbances within the structure
are amplified with each successive layer.
The laminate stacks were then layed up as in the vacuum bagging technique discussed
in section 2.5.1. All consumables were provided by Aerovac Systems Limited. The
caul plate was made of aluminium of constant thickness. Different caul plates were used
(between 1.5 and 2.5 mm thick), but this is an insignificant factor in the final product
as long as the plate was sufficiently thick to avoid warping under the heat and pressure
of processing. Peel ply was attached to the caul plate to both prevent the laminate from
adhering to the aluminium and also to provide a good surface finish to the part. The peel
ply is a glass fabric coated with a polytetrafluoroethylene (PTFE) film with an adhesive
backing. The same peel ply layer was used for many parts, however due to normal wear
and tear during usage , the peel ply was periodically replaced.
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3.2.1 Debulking
The first ply was placed directly on the peel ply and debulked to assure good adhesion
with the peel ply layer. Debulking took place by one of two methods depending on avail-
able equipment. The most used method was simply to seal the laminate stack in a bag and
then pull a vacuum for 15 minutes. The partial stack, of however many plies were being
debulked, was covered with porous release film made of a fluorinated polymer. The re-
lease film is covered by — and protects the laminate from — a Nylon peel ply. While not
strictly necessary, the Nylon peel ply adds a layer of protection for the debulking partial
laminate from the breather layer. The breather used was a fibrous Nylon-polyester blend
fabric. During debulking, it allows gasses to escape as well as providing a layer of soft
protection so that the bagging material is not strained to failure while vacuum pressure is
applied. Figure 3.1 is a diagram of this method. It should be noted that there is also a
bagging layer on top of the entire part made of rubber-toughened Nylon.
Figure 3.1: Diagram of materials used and their order during debulking.
Alternately, a debulking table was used. On such a table the caul plate is directly put
under a flexible silicone bladder in an aluminium frame. Rubber seals allowed for a flush
seal and a vacuum was drawn. This method saves time as sealing the vacuum is a simple
88
3.3. 8552 CURE CYCLE INVESTIGATION
matter, whereas great care must be taken to avoid leaks and create an adequate seal in a
vacuum bag. For the debulking table method, the layup and order of materials is identical
to that in figure 3.1 except that there is neither a vacuum port nor any vacuum sealant on
the caul plate. After the first layer, debulking was performed every eight plies until the
laminate stack was built to the required thickness. When the final ply had been placed,
the entire stack was debulked one more time for at least a half an hour.
For curing, the porous peel ply was removed and replaced with a non-porous peel ply
as shown in figure 3.2. Also, the vacuum port was moved from inside the vacuum bag to
a tail that was constructed into the vacuum bag. That tail was necessary in the Quickstep
plant so that a vacuum could be applied from a pump outside of the chamber.
Figure 3.2: Diagram of materials used and their order during layup.
3.3 8552 Cure Cycle Investigation
Due to the rapid heat transfer in the Quickstep chamber, the manufacturer’s spec-
ifications for the cure cycle are inadequate. The effects of this have been studied by
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Davies [8, 95], Zhang [9, 10] and Coenen [7]. Davies’ work was an optimization study
using Hexcel 6376 unidirectional pre-preg. 6376 and 8552 are chemically similar (see:
table 3.2) and the cure cycle used in this work was chosen from the cure cycles studied in
his work.
Three cure cycles were used in the preliminary work to determine which cycles would
be carried forward into subsequent studies. The first was a ramp to the cure temperature
followed by a two hour dwell then cool down called the Quickstep ‘straight’ (figure 3.3).
This was the most analogous to the manufacturer’s specifications, except that the heat
ramp is on the order of six times faster; approximately ten to twelve ◦C min−1 as opposed
to two or three ◦C min−1. This cure cycle was chosen because it was the simplest and
takes the least time.
The second was the Quickstep ‘spike.’ The obvious feature of this cure cycle (fig-
ure 3.4) was the spike to start the cure. The temperature was taken directly to 180 ◦C in
order to lower the resin viscosity before being taken down to 130 ◦C for an intermediate
dwell.
The final cycle was an intermediate between the two previous cycles. Rather than
spiking the temperature, the chamber was brought directly to the dwell temperature and
held for an hour before moving onto the full curing temperature. This cycle will be
referred to as the Quickstep ‘full’ cycle (figure 3.5). For each of these cycles the same
laminate geometry was used. Plies were cut to 300 mm × 300 mm and layed up as in
figure 3.6 and stacked 24 plies high to create a panel 15.2 mm thick.
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Figure 3.3: Quickstep ‘straight’ cure cycle.
Figure 3.4: Quickstep ‘spike’ cure cycle.
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Figure 3.5: Quickstep ‘full’ cure cycle.
Figure 3.6: The layup geometry for laminate stacks used during cure cycle investigation
3.4 Through-thickness Melding Chamber Test
After a suitable cure cycle was chosen, work was done to build a through-thickness
melding chamber for the Quickstep plant. Brookhouse had previously built and supplied a
115 L chamber to the Northwest Composites Centre (NWCC) at the University of Manch-
ester to process a specific complex-shaped part (figure 3.7a). For the initial attempts at
through-thickness melding this chamber was retrofitted to accept flat panels (figures 3.7b
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and 3.7c).
The work carried out with this chamber exclusively used 6376 prepreg because there
was a limited supply of 8552. While the through-thickness melding chamber process
was being experimented with, it was determined that it was better to use the out of date
6376 rather than potentially waste fresh 8552 due to chamber problems. To ensure a
temperature difference between the top and bottom chambers, hot fluid was to be pumped
through the bottom chamber while cold water was circulated through the top chamber
from an 80 L tank. In figure 3.7c it can be seen that the Quickstep fast-connect valves
were installed on the bottom chamber and the top chamber was simply a straight connector
for an industrial water hose. Cold water was circulated using a B&Q 250 W water pump
through a 2.54 cm polymer hose reinforced with glass fibre strands.
(a) The Brookhouse Quickstep cham-
ber designed for a complex shape.
(b) The same chamber stripped of the
bladder and internal plumbing.
(c) The chamber retrofitted to accept a flat panel
Figure 3.7: The conversion of the Brookhouse Quickstep chamber from a complex shape
to a flat panel.
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Every effort was made to maintain equal pressure in the hot and cold chambers so that
the amount of fluid in each chamber would remain equal. Water pressure was monitored
in the chamber directly through the Quickstep software in the same way that fluid pressure
was monitored. The water pressure was regulated by adjusting the size of the outlet hose
using a G-clamp. Additionally, since the water was recycled through the system, the
water tank temperature was monitored by a K-type thermocouple. Although it proved
unnecessary, large amounts of ice — on the order of 10-15 kg — were kept on hand to
cool the water tank if the tank’s temperature were to rise above 40 ◦C. Figure 3.8 shows
how the water tank was used.
Figure 3.8: The 80 L water tank with pump and hoses.
(a) The through-thickness melding
chamber without insulation.
(b) The through-thickness melding
chamber with insulation.
Figure 3.9: The through-thickness melding chamber with (a) and without (b) breather
insulation.
The chamber was tested both with and without insulation. The same Nylon peel ply
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that was used in layup was used as insulation. Figure 3.9 shows the chamber in both cases.
To avoid overcuring — in this case overcuring means eliminating the active surface on the
“cold” side of the part – the 130 ◦C and 180 ◦C dwell times were halved. This idealized
modified cure cycle is shown in figure 3.10 in comparison to the normal cure cycle.
Figure 3.10: The cure cycle used in the through-thickness melding chamber compared to
the Quickstep ‘full’ cycle.
Two further attempts at through-thickness melding were made using the 900 mm ×
900 mm Quickstep clamshell that is normally used at the NWCC. These chambers were
only 70 mm deep and held 57 L, or half the capacity the Brookhouse chambers. For these
experiments, hot fluid was circulated through the upper chamber and the bottom chamber
was kept cool by not circulating fluid through it. The bottom chamber was filled with
room temperature fluid, but was otherwise isolated from the tanks. In the first attempt,
as shown in figure 3.11a, no insulation was used to separate the two chambers so that the
hold and cold chambers were in direct contact with one another.
For the second attempt, as shown in figure 3.11, tubes of insulation were used. Ten
lengths of insulation were cut from 10 mm diameter tubes that were originally used to
insulate the high temperature, high pressure hoses that run from the tanks to the chamber.
Five each of 900 mm and 400 mm were cut and they were placed in such a way as to create
an insulation frame around the part to be cured. The ends of the tubes were capped with
Nylon bagging material and sealed with high temperature flash tape to keep the fibrous
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insulation contained. In figure 3.11b the five 400 mm lengths have been removed so that
the path of the vacuum connections can be seen. The cure cycle used was the same as
in figure 3.10. For all through-thickness melding specimens cured with the Quickstep,
thermocouples were placed above and below the laminate stack.
(a) No insulation between chambers. (b) The hot and cold chambers are in-
sulated from one another.
Figure 3.11: The Quickstep clamshell used for through-thickness thickness melding.
3.5 Hot Press Semi-Curing
For the initial semi-curing stage discussed in section 2.6.2 a hot press was used. The
hot press was manufactured by George E. Moore and Sons with a 127 mm (five inch)
diameter hydraulic ram (figure 3.12). Heating of each platen was controlled by a Moulder
Temperature Control unit. The platens were accurate to within 2 ◦C throughout the platen
surfaces and were water cooled using plant water. To only partially cure through the x-y
plane of the composite the top platen was heated as normal, but the bottom platen was kept
cool. Cooling was done by a combination of air cooling and water cooling. Water was
actively fed through the platens from plant water when the platen’s internal thermocouple
reading reached 40 ◦C which was chosen arbitrarily as a temperature low enough to not
start cure. At that point, the temperature was reduced to 30 ◦C or 35 ◦C during the first
and second dwells respectively. During ramps no active cooling was done. Air cooling
was done as a passive measure. The platen was open to room temperature air and the
heating elements were intentionally left off.
The platens on the press were 360 mm × 360 mm, therefore the sample size was
reduced to 200 mm × 200 mm so that the tool and all the layup material could fit in
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the press. For the first attempt, called Through-Thickness Meld-3 (TTM3), 100 plies
(15.8 mm) of 6376 were layed up and debulked for approximately 15 minutes after the
first ply and every eight thereafter. Thermocouples were placed as shown in figure 3.13a.
Figure 3.13 also shows the laminate stack geometry and size. Thermocouples below the
laminate stack will be referred to as “undercold” or UC and thermocouples placed atop
the laminate stack will be referred to as “overhot” or OH. Thermocouples are referred to
as TC, so that the thermocouple placed above the sample and exposed to the hot platen
is called TC OH and the thermocouple between plies 40 and 41 will be referred to as TC
40/41. With the exception of the lack of vacuum pressure, the laminate stack was built as
described in section 3.2.
Figure 3.12: George E. Moore and Sons hot press.
The temperature was monitored at the specified locations using K-type thermocouples
and a Pico Technology Limited eight channel data logger. Readings were sampled once
every three seconds and stored in a comma separated variable text file to be analyzed later.
Thermocouples were placed approximately 1 cm from the edge of the laminate and 1 cm
away from the nearest thermocouple along the length of the material to avoid multiplying
the stress concentration of multiple thermocouples placed at the same location. The em-
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bedded thermocouples’ ends were sacrificed inside the laminate stack and the wires were
stripped of their protective cladding so that a new contact point could be made, allowing
the thermocouple wire to be re-used many times. The new thermocouple contacts were
tested at room temperature and −20 ◦C.
(a) The placement of thermocouples within the lami-
nate stack for TTM3.
(b) Geometry of TTM3.
Figure 3.13: A schematic representation of the layup with thermocouple placement of
TTM-3.
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In the same way that the cure cycle was shortened for the through-thickness melding
chamber (figure 3.10), the cure cycle was shortened in the hot press. The platen was first
heated to 125 ◦C and held for 30 minutes before being heated to 175 ◦C for a one hour
dwell. All heating ramp rates were 5 ◦C s−1. The pressure was kept as near to 1.4 MPa
(two tons of force on a five inch diameter ram exerted on a 200 mm × 200 mm sample)
as possible. Figure 3.14 compares the cure cycle used in TTM-3 with the Quickstep ‘full’
cycle.
Figure 3.14: Comparison of the cure cycle used for TTM-3 with the Quickstep full cycle.
TTM-4 through TTM-11 were made using 80 plies (126.4 mm) of Hexcel 8552 and
the placement of the thermocouples and geometry of the panels are shown in figure 3.15.
TTM-12 and TTM-13 were made using only 75 plies (117.8 mm) of Hexcel 8552. Place-
ment of the thermocouples is the same as in figure 3.13a except that the final thermocouple
is placed between plies 74 and 75 rather than 75 and 76.
The cure cycle in figure 3.14 was used for TTM-4 and TTM-5 but the cure cycle was
extended for the remaining samples. The ramp rates were the same, but the first dwell
was pushed up to 130 ◦C and extended to one hour. The second dwell was pushed up to
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180 ◦C and extended to 90 minutes. Figure 3.16 compares the cure cycle used in TTM-6
and beyond with the Quickstep ‘full’ cycle.
(a) The placement of thermocouples within the lami-
nate stack for TTM-4.
(b) Geometry of TTM-4.
Figure 3.15: A schematic representation of the layup with thermocouple placement of
TTM-4.
Starting with TTM-8, edge dams were used to prevent the fibres from moving too
much outside of their original bounds whilst under pressure. The edge dams were made
of layers of tacky tape, stacked to approximately the height of the green material and
wrapped with glass fibre fabric. The tacky tape served as a semi-rigid ‘window frame’
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around the sample and the glass fibres prevented gasses and resin becoming trapped dur-
ing processing. After the semi-curing process was complete the area with the thermocou-
ples was cut off with a diamond saw. The cut-off area and the half cured panels were
bagged and put in a freezer at −20 ◦C to arrest any further curing and the cut-off thermo-
couple area was used later for characterization.
Despite the edge dams there was still a small ‘expansion’ of the material. Because
of the applied pressure and the fact that the pre-preg was unidirectional, material would
‘blow out’ normal to the fibre direction. Starting with TTM-5 this excess material was cut
away so that the panel was reduced in size back to 200 mm × 200 mm and the off-cuts
saved in the freezer for characterisation along with the cut-off thermocouple area.
Figure 3.16: Comparison of the cure cycle used for TTM-6 with the Quickstep full cycle.
3.5.1 Through-Thickness Melding Joining
The final stage of the through-thickness melding process was carried out in the Quick-
step machine, on the 900 mm × 900 mm clamshell, using the layup described in sec-
tion 3.2. After the TTM samples were removed from the freezer and allowed to thaw at
room temperature for at minimum four hours, the panels were removed from their bags
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and layed up. The sides of the panel that were exposed to the cold platen were placed
together and a thermocouple was inserted 1 cm into the layup at the meld line. Each fully
melded sample will be referred to as FM.
FM-1 was manufactured from TTM-4 and TTM-5. The layup of FM-1 both prior
to bagging and in the Quickstep chamber is shown in figure 3.17. After the layup was
completed it was placed in the Quickstep and cured using the Quickstep full cycle.
(a) A top view of FM-1before the
layup was completed.
(b) A side view of FM-1 before the
layup was completed.
(c) FM-1 in the Quickstep chamber ready to be cured.
Figure 3.17: FM-1 on the caul plate before curing.
The layup for FM-3 included woven glass fabric inserts at the corners of the panels.
FM-2, FM-4 and FM-5 also had a cork edge dam as well as the woven glass fabric inserts.
The cork tape (18 mm wide × 3 mm thick) was thick artificial cork with adhesive on one
side provided by 3M. Much like the edge dams made of tacky tape used during semi-
curing, the cork tape was stacked up until it was approximately the thickness of the sample
to be cured. Table 3.3 lists the constituent parts and special processing considerations for
each FM. Figure 3.18 shows FM-2 and FM-3 after being removed from the Quickstep
102
3.5. HOT PRESS SEMI-CURING
machine. The woven glass fabric at the corners can be seen on both samples as well as the
cork window frame around FM-2. The ends of the thermocouples still inside the samples
can be seen at the bottom of the photograph.
Figure 3.18: FM-2 (left) and FM-3 (right) after curing.
Table 3.3: List of full meld samples along with their constituent through-thickness meld-
ing panels.
Full Meld Panel Constituent Parts Notes
FM-1 TTM-4 and TTM-5 –
FM-2 TTM-6 and TTM-7 Glass Inserts and Cork Edge Dams
FM-3 TTM-8 and TTM-9 Glass Inserts
FM-4 TTM-10 and TTM-11 Glass Inserts and Cork Edge Dams
FM-5 TTM-12 and TTM-13 Glass Inserts and Cork Edge Dams
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CHAPTER
FOUR
COMPOSITE CHARACTERIZATION
This chapter describes the techniques and equipment used to characterize composite
materials. A brief description of the scientific principles behind each method is included
in each section. Rheology was used to monitor the viscosity of the curing resin as well
to as determine the gel point. Differential scanning calorimetry (DSC) was used to de-
termine properties — Tg and degree of cure— of the epoxy resin at various points in the
curing cycle. Fourier transform infrared (FTIR) spectroscopy was used to investigate the
chemical reactions at various points during curing.
The mechanical properties of the through-thickness melded panels were assessed with
three methods selected from the American Society for Testing and Materials (ASTM)
standard guide for testing polymer matrix composites materials [134]. Tensile testing
was used to attempt to determine the ultimate failure strength of the panels as well as
the elastic modulus. Four-point bend flexural testing was used to determine the flexural
strength. Double cantilever beam (DCB) was used to determine the strength of the melded
joint in mode I separation.
Optical microscopy was used to assess the amount and severity of defects in the bulk
as well as at the meld line.
4.1 Rheology
Rheology is the study of the deformation and flow of matter [135]. Figure 4.1 demon-
strates simple shearing flow of a Newtonian fluid.
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Figure 4.1: The shear deformation of a Newtonian fluid between two parallel plates under
a force, F [135].
Two parallel plates of area A are separated by a gap d that is filled with a fluid. A
force, F , applied to the top plate in the x direction moves the plate at a velocity, v. The
force per unit area to induce motion is F/A, the shear stress, which is symbolized with τ .
This is then proportional to the shear rate v/d, which is symbolized with γ˙ and is equal
to the rate of change in the shear strain of the fluid, γ, with respect to time (dγ/dt). The
shearing action creates a shear stress profile across the gap distance d in the y direction.
τ is at a minimum at the fixed plate at y = 0 and a maximum at the moving plate at
y = d. Shear viscosity, η is the constant in equation 4.1.1 and reported in pascal seconds
(Pa·s) [135–137]. Equation 4.1.1 is Newton’s law of viscosity:
τ = η
de
dt
(4.1.1)
where e is strain.
The shear strain rate is derived from the definition of strain experienced by the fluid.
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The strain rate at any given distance y from the fixed plate is given by equation 4.1.2.
γ˙ =
dγ
dt
(4.1.2)
Remembering that the shear rate is the rate of change in strain with respect to time yields
equation 4.1.3 which enumerates that the shear rate at any given point is equal to the
velocity gradient, dvx/dy, at that point.
dγ
dt
=
d (dx/dy)
dt
=
d (dx/dt)
dy
∴ dγ
dt
=
dvx
dy
(4.1.3)
The implication of this is that the lengths of the arrows in figure 4.1 also represent the
magnitude of the velocity in the x direction, vx, at that point. Such fluids are referred to
as Newtonian fluids. For the most part, polymer melts are non-Newtonian fluids, i.e. the
viscosity does not react proportionally to the shear stress or shear strain.
Most thermosetting polymers display a certain amount of viscoelasticity while in the
thermoplastic range accounting for the non-linearity. Before gelation — where the three
dimensional network starts to form — and vitrification — where the liquid transforms
into a glassy state — the flow behaviour is at an intermediate stage between liquid and
solid [135,138,139]. For these reasons rheometry — the study of rheology — has become
an important tool to help characterise the flow and curing characteristics of epoxies [30,
44, 140–142].
All the rheological work for this work was done on a Thermo Scientific Haake MARS
(Modular Advanced Rheometer System) with 35 mm disposable aluminium parallel plates
and a 0.5 mm gap. Figure 4.2 is a diagram of the machine. Figure 4.3a is the Haake MARS
with the oven surrounding the plates while a sample is running and figure 4.3b is a pho-
tograph of the area shown schematically in figure 4.2. Aluminium foil was placed below
the plates to protect the actuator from spilled resin. The thermocouple from the control
unit was inside the bottom stalk and was exposed to the air in the furnace, not the resin.
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As the actuator oscillates, it imparts a force on the sample due to viscous drag. This
force, F , is given by equation 4.1.4:
F = ωη∗CP ∗ (4.1.4)
ω is the angular frequency where ω = 2pif and f is the oscillation frequency. η∗ is the
complex viscosity, P ∗ is the complex motion of the probe when immersed in the sample
and C is a geometric factor related to the contact area between the plates and the material.
Figure 4.2: Schematic of the Haake MARS rheometer used in this thesis.
107
4.1. RHEOLOGY
(a) The Haake MARS rheome-
ter with the oven closed and a
sample running.
(b) The functional area of the
Haake MARS rheometer.
Figure 4.3: Photographs of the Haake MARS rheometer used in this study.
The shear storage modulus G′ and the shear loss modulus G′′ are given by equa-
tions 4.1.5 and 4.1.6.
G′ = 2pifη′ (4.1.5)
G′′ = 2pifη′′ (4.1.6)
η′ and η′′ are the dynamic and imaginary viscosities respectively [138]. The G′ − G′′
crossover has been shown to be an important and easy way to detect the gel point of
a crosslinking polymer [30]. The loss tangent, tan δ, is an easy way to determine the
crossover. Equation 4.1.7 demonstrates that the loss tangent is simply the ratio of G′′ to
G′ so that when tan δ = 1 is the instant of gelation of the network.
tan δ =
G′′
G′
(4.1.7)
On the Haake MARS rheometer, all these parameters were simultaneously calculated and
reported with the Rheowin Job Manager control program.
The experimental setup was designed to mimic the conditions experienced by the lam-
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inate during through-thickness melding. First a dynamic rheological profile was observed
by exposing the resin to a temperature scan from 30 ◦C to 180 ◦C at 10 ◦C min−1. Then
fresh resin was run through the Quickstep ‘full’ cycle. Finally rheological, profiles were
determined for the temperature profiles of TC 1/2 and TC 75/76.
Samples of neat resin were stored at −20 ◦C as a 250 mm2 (approximately 1 g) thin
films between paper sheets with a proprietary non-stick backing and were thawed in a
refrigerator at 3 ◦C. The resin was removed from the paper with a razor blade and worked
into a small ball. The aluminium plates were raised to 60 ◦C and zeroed before being
opened for the sample to be placed between the plates. The plates were then closed to
0.5 mm and excess resin was removed from the sides of the plates.
4.2 Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is a thermal analysis technique based on the
measurement of heat flow as a function of time and temperature, and is used to determine
transition points in materials. DSC was used to determine the extent of cure of the cured
and semi-cured materials, to determine the heat or enthalpy of cure and to measure the
Tg [143–146]. These measurements give a good picture of the effect that any given heat
treatment has on the physical and chemical characteristics of the composite, all derived
from the heat capacity of the material [137].
The are two kinds of DSC: heat flux and power compensated DSC. Heat flux DSC
(figure 4.4) uses a single heat source to drive the temperature differences between a sample
and a reference. The sample and reference are placed on a single heat block to ensure that
the heating rate is uniform across the entire oven. Thermocouples monitor the temperature
of the sample and the inert reference which in this work was an empty aluminium pan.
The sample and reference are heated at the same rate using the same heat source and the
temperatures of the sample and reference are monitored by separate thermocouples. As
the heat source is activated, the temperature of the sample, Ts, and the temperature of the
reference, Tr, are the same and will remain the same until there is a heat change. If the
change is exothermic, Ts will outpace Tr and if the change is endothermic, Ts will lag
behind Tr. The difference in temperature, ∆T = Ts − Tr is monitored throughout the
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experiment.
Melting or crystallization will result in peaks on an enthalpy curve with respect to
time or temperature. The heat capacity of a sample and an inert reference will necessarily
be different so∆T will never be zero once heat is applied. A glass transition of a polymer
is characterised by a change in heat capacity, which is reflected as a shifting baseline on
an enthalpy/time or temperature curve.
Figure 4.4: Schematic diagram of a heat flux DSC [144].
Power compensated DSC takes the opposite approach of heat flux DSC in measuring
differences in heat capacity; the instrument has two heat sources and measures the differ-
ence in electrical power required to maintain equal temperatures between the sample and
reference. Figure 4.5 illustrates this concept. While the temperature of the sample and
reference are being individually monitored, the power is adjusted to keep them at the tem-
perature delineated by the heating schedule. The power required to adjust to any change,
physical or chemical, is measured and recorded. Much like heat flux, the area under an
enthalpy versus temperature peak is proportional to the enthalpy change in the sample.
Likewise a glass transition will appear as a baseline shift.
For enthalpy measurements and Tg measurements of cured material, a Perkin Elmer
Autoloading Jade DSC (figure 4.6) was used. This is a heat flux DSC controlled by
Perkin Elmer’s Pyris software. The purge gas for the reference pan was N2, at a rate of
20 mL min−1 and the systemwas cooled by a Perkin Elmer Intercooler 2P. All temperature
scans on this DSC were conducted at 10 ◦C min−1.
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Figure 4.5: Schematic diagram of a power compensated DSC [147].
Figure 4.6: Perkin Elmer Autoloading Jade DSC.
Enthalpy and Tg measurements were taken for each semi-cured sample as well as the
final fully-melded sample. An 8552 panel cured in the Quickstep plant during the pre-
liminary work using the Quickstep ’full’ cycle was used as a reference for fully cured
material. Fresh pre-preg, thawed to room temperature, was used as a reference for un-
cured. Because the prepreg comes slightly B-staged, the fresh samples are not “uncured,”
however for ease of usage, both parent material and uncured material will be used inter-
changeably to refer to the fresh prepreg. For each experiment three runs were carried out.
The heating program used was a 10 ◦C min−1 ramp to from 30 ◦C to 300 ◦C. Samples
were between 3-5 mg.
The Jade DSC was also used to heat-treat small samples of uncured prepreg. For
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instance, in order to determine the degree of cure and Tg at various points during the
curing process, samples were treated to the schedule shown in table 4.1. Figure 4.7 is a
graphical representation.
Table 4.1: Heating schedule used to study the degree of cure and Tg at various points in
the Quickstep ’full’ cycle.
Ramp 1 Dwell 1 Ramp 2 Dwell 2
(◦C) (min) (◦C) (min)
Point A 30-130 — — —
Point B 30-130 30 — —
Point C 30-130 60 — —
Point D 30-130 60 130-180 —
Point E 30-130 60 130-180 30
Point F 30-130 60 130-180 60
Point G 30-130 60 130-180 120
Figure 4.7: Quickstep ’full’ cycle showing the points where the degree of cure and Tg
were sampled.
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4.2.1 Hyper DSC
Recent advancements in thermal characterisation techniques have led to DSC with
extremely fast ramp rates [148–151]. Whereas work to this point had been done with
ramp rates of 10 ◦C min−1, hyper DSC uses scan rates up to 500 ◦C min−1. Most of the
work that has been done with hyper DSC has been limited to the pharmaceutical field
where sucrose and various polymers are important compounds, but have weak Tgs that
are difficult to detect normally [148,152–155].
McGregor [156] demonstrated the amplification of weak Tgs and the ability to “stay
ahead” of other reactions by using accelerated heating rates. Figure 4.8 shows how heat-
ing rate affects the shape of the DSC curves. The first peak, the peak that is amplified by
hyper DSC, is a glass transition. However at slower heating rates a second reaction, the
recrystallisation of carbamazepine, starts to impinge on the Tg.
Figure 4.8: DSC profiles for the Tg of carbamazepine at various heating rates [156].
.
There is a similar, but more obvious effect in the curing of epoxy resins. At slower
heating rates the highly exothermic curing reaction completely overlaps the glass transi-
tion, as illustrated in figure 4.9. At the high heating rate a baseline shift denotes a glass
transition. At the low heating rate the large exotherm denotes curing. This is not to say
that there is no glass transition during curing, it is just that the exothermic peak is so
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strong that it completely envelopes the glass transition.
For this work, hyper DSC was used to determine the Tg of uncured or partially cured
epoxies. The equipment used was a Perkin Elmer power compensated Diamond DSC
with an Intercooler 2 (figure 4.10). He gas was used as the purge in the reference and
sample pans, and N2 gas was used to create a dry atmosphere to prevent the mechanism
of the DSC lid from freezing while in standby mode.
For uncured and fully cured materials the samples were directly heated from −30 ◦C
to 300 ◦C. For partially cured material, the samples were subjected to a heating schedule
in the DSC then reduced in temperature to −30 ◦C and held for one minute before the
temperature scan. Heating rates of 300 ◦C min−1, 400 ◦C min−1 and 500 ◦C min−1 were
used. Because of the high heating rates larger samples, on the order of 8-10 mg were
used.
Figure 4.9: Heat flow versus temperature demonstrating the advantage of hyper DSC for
curing studies of polymers.
.
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Figure 4.10: Perkin Elmer power compensated Diamond DSC used for Hyper DSC.
.
4.3 Fourier Transform Infrared Spectroscopy
Infra-red (IR) radiation promotes transitions in a molecule between rotation and vi-
brational energy levels of the ground state electrons [157]. In conjunction with DSC,
spectroscopy has been used to characterize the kinetics of epoxy-DDS cure [158]. In a
simple diatomic molecule the only vibration that can occur is stretching. The vibrational
frequency, ν, is defined by Hooke’s Law given in equation 4.3.1:
ν =
1
2pic
(
f
µ
) 1
2
(4.3.1)
µ =
mAmB
mA +mB
(4.3.2)
where c is the speed of light in a vacuum, f is the force constant of the bond and µ is
the reduced mass of the system as defined in equation 4.3.2. mA and mB are the masses
of general atoms A and B which are bonded diatomically. Of course, this is the simplest
case of a diatomic molecule vibrating in one dimension. Figure 4.11a shows other typical
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modes of stretching vibrations. Figure 4.11b shows typical modes of bending vibrations.
Arrows indicate the direction of oscillations. In figure 4.11b where three atoms are in-
volved, as in AX2, the oscillation is in the plane of the three atoms. Where four atoms are
involved, as in AX3, the oscillation is is at right angles to the plane of the molecule. The
+ and − sign indicate in and out of the plane of the paper respectively [157].
(a) Stretching vibration modes.
(b) Bending vibration modes.
Figure 4.11: Typical vibration modes [157].
Fourier transform IR spectroscopy relies on a broad band frequency which excites the
spin, stretching and bending in the system and was made possible by the invention of
the Michelson interferometer [159,160] The interferometer splits the light beam into two
separate paths; one of a fixed length and the other variable. Figure 4.12 is a schematic
of a Michelson interferometer. The interaction of the two light beams results in construc-
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tive and destructive interference which produces a spectrum known as an interferogram.
Fourier transforms are then used to decompose the signal function into a continuous spec-
trum of frequencies which allows the equipment to measure intensities and wavelengths
simultaneously [159].
Figure 4.12: Schematic of a Michelson interferometer [159].
Attenuated total reflection (ATR) spectroscopy is a technique used with polymers that
have a low transmission rate or are opaque [161, 162]. ATR uses a crystal with a high
refractive index and low infrared absorption in contact with the sample [163]. In this
technique, summarized by Koenig [163], an incident infrared beam is sent into the ATR
crystal at an angle that is less than the angle for total internal reflection. At the interface
between the crystal and the sample, the light forms an evanescent wave that penetrates
into the sample, but decays in intensity exponentially. The depth of penetration, dp of the
beam in the sample is described in equation 4.3.3:
dp =
λ
2pi n1
√
sin2 θ − (n2/n1)2
(4.3.3)
where λ is the wavelength of the beam in air, θ is the angle of incidence, n1 is the refractive
index of the ATR crystal and n2 is the refractive index of the sample. Figure 4.13 is a
schematic of the penetration of light in a sample using the ATR method.
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Figure 4.13: Schematic of the penetration of light into a sample using ATR [163].
E/E0 is the ratio of the energy at any given distance to the initial energy of the evanes-
cent wave. The penetration of the wave is defined as distance at which E/E0 = e−1.
The excitation of the evanescent wave is similar in mechanics to the excitation of vibra-
tions [162]. Each evanescent wave that forms diminishes the intensity of the incident light
beam and a detector records the intensity of the light at each wavelength. Transmittance,
T , or a percentage transmittance %T , is the ratio of the intensity of light transmitted, I
to the initial intensity, I0 as in equation 4.3.4. Spectra are often given as absorbance,
A, which is the logarithm base ten, of the reciprocal of transmittance as given in equa-
tion 4.3.5 [164].
T =
I
I0
(4.3.4)
%T = 100
I
I0
A = log10
1
T
(4.3.5)
= log10
I0
I
For this work, all FTIR spectra were obtained using a Perkin Elmer AutoIMAGE FT-
IR Microscope System (figure 4.14). The AutoIMAGE system allows for automatic focus
and aperture settings. Single point ATR spectra were taken using a ZnSe crystal and each
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measurement involved 75 frequency sweeps to increase definition. Peaks were identified
and analyzed using Perkin Elmer’s Spectra software package.
Figure 4.14: The FTIR microscope used in this study.
The Jade DSC was used to impart the required thermal history on samples, where
need be. After the application of the heat treatment, samples were placed in a freezer at
−20 ◦C to arrest any further curing. Before use, they were thawed for a minimum of one
hour and the sealed DSC pans were carefully opened using a box cutter and tweezers.
4.4 Optical Microscopy
Optical microscopy was used to characterize the microstructure of the semi-cured
composite panels and through-thickness melded panels fabricated in the hot press and
Quickstep. The composite samples were set in a room-temperature curing polyester resin,
specifically produced for grinding and polishing. Specimens were ground in three stages
using 600, 800 and 1200 grit Hermes silicon carbide paper with water lubrication. The
samples were then rinsed with water and polished using a 6 µm diamond suspension. To
avoid contamination of the diamond suspension, the samples were once again washed
with warm water and a mild detergent before being polished with a 1 µm diamond sus-
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pension. All polishing materials were provided by Benetec Ltd., including the grinding
wheels which were part of a Benetec Duo 8 polishing system.
After polishing, the specimens were examined with a Kyowa LXE 250 Biological
stereomicroscope with a Motic digital camera attachment. Available lenses were 10×,
20× and 35×magnification with a 2× ocular magnifier. Figure 4.15 shows the equipment
used for optical microscopy.
(a) Benetec Duo 8 grinder and polisher. (b) Kyowa microscope.
Figure 4.15: Equipment used for optical microscopy.
4.5 Tension
The tensile properties were determined using an Instron 5989 testing machine with a
250 kN load cell and hydraulic grips (figure 4.16) according to the ASTM Standard D
3039/D 3039M-00 [165]. Test coupons of 15 mm wide × 150 mm long and 5 mm thick
were cut from FM-4 using a diamond-coated saw
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(a) Instron 5989. (b) Hydraulic grips.
Figure 4.16: The Instron 5989 used for tensile testing.
Coupons were taken from the top, middle and bottom of the panel. First the entire
thickness of the panel was cut to 150 mm× 15 mm. Then each of those pieces was cut into
thirds through the thickness. The specimens were then labeled ‘T’ for top, ’M’ for meld
line and ’B’ for bottom. 15 mm × 25 mm × 3 mm tabs were fixed with cyanoacrylate
adhesive onto the ends of each coupon. Hexcel 8552 from the preliminary processing
work was used for tabs. The geometry of the test coupons is shown in figure 4.17.
Figure 4.17: Coupon geometry for tensile tests.
The tests were carried out with a crosshead speed of 5 mm min−1. Extension was
measured using a mechanical extensometer.
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Ultimate tensile stress, σtu, was calculated using equation 4.5.1:
σtu =
Pmax
A
(4.5.1)
where Pmax is the maximum load before failure and A is the cross sectional area of the
coupon. Tensile strain, εt, was calculated using equation 4.5.2:
εt =
∆l
l0
(4.5.2)
where l0 is the initial gauge length of the extensometer and ∆l is the change in length.
Tensile modulus, Et,was calculated by taking the ratio of stress to strain as in equa-
tion 4.5.3.
Et =
σt
εt
(4.5.3)
Tensile tests were attempted with composite tabs, aluminium tabs and without any tabs.
Bonded end tabs were used to minimize load induced problems such as crushing at the
load points and failure outside of the gauge length. Where necessary, tabs were removed
with a hammer and chisel.
4.6 Four Point Bend
4-point flexural bending was carried out on an Instron 5569 testing machine with a
10 kN load cell according to ASTM standard D 6272-02 [166]. The coupons used were
the left over coupons from the tensile tests without tabs. The coupon geometry and test
setup is shown in figure 4.18. A span to depth ratio of 16:1 was chosen so that the support
span was 80 mm wide to compliment the 5 mm thick samples. Cross head speed was
calculated according to equation 4.6.1:
R =
0.167ZL2
d
(4.6.1)
2.14 mm/min =
0.167× 0.01 mm/mmmin × (80 mm)2
5 mm
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where R is the rate of crosshead motion, L is the support span, d is the depth of the
beam and Z is the rate of straining of the outer fibres. The standard explicitly states that
Z = 0.01 mm/mm min−1.
(a) The coupon geometry for 4-point bend.
(b) The test setup and placement of load points and supports.
Figure 4.18: The coupon geometry and test setup for flexural testing.
The ultimate flexural strength, Su, was calculated using equation 4.6.2:
Su =
3PmaxL
4bd2
(4.6.2)
where Pmax is the load at the moment of failure, L is the support span, b is the width of
the beam and d is the depth of the beam.
The modulus of elasticity, EB was calculated using the tangent method and equa-
tion 4.6.3:
Eb =
0.17L3m
bd3
(4.6.3)
where m is the slope of the initial linear portion of the load versus displacement curve.
The slope of the line was calculated using a regression analysis of the data points. Five
specimens were tested from the middle and bottom and six were tested from the top.
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4.7 Double Cantilever Beam
Mode I double cantilever beam (DCB) tests were carried out on an Instron 5569 testing
machine with a 1 kN tensile load cell according to ASTM standard D 5528-01 [167]. The
crack initiator was a piece of blue Nylon peel ply placed at the meld line during the final
Quickstep processing step. Test coupons were cut from FM-5. Using a diamond bladed
saw, the coupons were first cut to 20 mm wide × 150 mm long from the original 200 mm
by 200 mm panel. These panels were still 25 mm thick so the coupons were milled to
4 mm thick × 10.5 mm from both the top and the bottom, preserving the starter crack in
the middle of the coupon’s through-thickness. Stainless steel piano hinges were affixed
to the top and the bottom of the coupon, at the load points at the pre-cracked end, using
cyanoacrylate adhesive. The coupon geometry is shown in figure 4.19.
Figure 4.19: Coupon geometry for mode I DCB tests.
The Instron 5569 was operated at a crosshead speed of 1 mm min−1 and the crack
opening displacement was measured using the crosshead displacement. The delamination
length, a, was measured visually. Figure 4.20 shows the initial set up (figure 4.20a) and
during the experiment (figure 4.20b).
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(a) Initial set up for the DCB experiments. (b) A sample during the DCB experiment.
Figure 4.20: Experimental setup for the DCB mode I experiment in the Instron 5569.
Mode I interlaminar fracture toughness, GI was calculated using equation 4.7.1:
GI =
3P δ
2b (a+ |∆|) × F (4.7.1)
F = 1− 3
10
(
δ
a
)2
− 3
2
(
δt
a2
)
(4.7.2)
where P is the applied load, δ is the load displacement, b is the specimen width, a the
delamination length and F is a correction factor for large displacements and is defined in
equation 4.7.2. F uses the term t which is defined as the distance between the midpoint
of the top beam and the centre of the pin on the piano hinge, which in this case is 3.5 mm.
∆ is a correction factor for rotational moments at the delamination front and is found by
generating a least squares plot of the cube root of compliance, C1/3 where C = δ/P . The
y-intercept was calculated using a regression analysis. Five coupons were tested from the
FM-5 sample.
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CHAPTER
FIVE
PROCESSING RESULTS
This chapter will discuss the results from the processing portion of this work. First
a cure cycle was chosen from three options, the Quickstep ‘straight’, Quickstep ‘spike’
and Quickstep ‘full’ cure cycles, by qualitatively comparing the thermal properties and
porosity of the panels produced from these methods. The Quickstep ‘full’ cure cycle
was chosen and a more in-depth analysis of the cure cycle was carried out by examining
the thermal properties at various stages through the temperature profile via DSC, optical
microscopy and rheometry. This was followed by the development of the semi-curing
process; from the attempts made in the Quickstep chamber to the final method using a
hot press. The cure cycle and differential curing through the thickness of the semi-cured
panels was examined using DSC, optical microscopy and rheometry. Finally the chemical
reactions that occur while curing the epoxy were investigated using ATR FTIR.
5.1 Cure Cycle Investigation
A full optimization study was judged to be too intensive for this work. An optimiza-
tion study of 6376 and 977-2A were the focus of previous theses completed by Davies [95]
and Khan [168] respectively. Using the cure cycles described in section 3.3, test panels
were fabricated and examined qualitatively to determine which would be the most suitable
for this work.
Similar results were observed for both the Quickstep ‘straight’ and Quickstep ‘spike’
cycles. On the bottom of the panels there were cavities and the top was slightly bowed.
This was indicative of a great deal of internal porosity. In the Quickstep ‘straight’ cy-
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cle it was thought that the cause of this was insufficient resin flow before the gel point
was reached. The Quickstep ‘spike’ cycle has been shown to quickly reduce the resin
viscosity thereby extending the processing window [8, 95]. However there is a danger of
vitrification of the resin leading to insufficient resin flow before the gel point.
Figures 5.1 shows the top and bottom of the panel cured with the Quickstep ‘spike’
cycle. The panel cured with the Quickstep ‘straight’ cycle had the same features.
(a) Top view of the Quickstep ‘spike’ panel.
(b) Bottom view of the Quickstep ‘spike’ panel.
Figure 5.1: Cured panel of Hexcel 8552 using the Quickstep ‘spike’ cycle.
In figure 5.1a the surface finish was typical of a cured laminate stack. Near the bottom
of the panel there is a strip of material that has delaminated. When the bag was removed,
this strip, one ply thick, came off easily. The rest of that ply was only loosely attached to
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the remainder of the laminate stack and is evidence of poor consolidation. Furthermore,
figure 5.1b shows a severe abnormality. This bubbling and latent open areas is evidence
of poor resin flow during curing.
DSC was carried out with three samples from each panel in order to determine the
Tg and the degree of cure. The temperature was scanned from 30 ◦C to 300 ◦C at
10 ◦C min−1. Degree of cure, α, was calculated using equation 5.1.1:
α =
∆Ht −∆Hr
∆Ht
(5.1.1)
where ∆Hr is the residual heat of reaction and ∆Ht is the total heat of reaction [169].
∆Ht was determined by subjecting fresh prepreg to a dynamic temperature scan from
30 ◦C to 300 ◦C at 10 ◦C min−1. Figure 5.2 is a DSC scan from 30 ◦C to 300 ◦C at
10 ◦C min−1 for an uncured sample of prepreg.
Figure 5.2: DSC from 30 ◦C to 300 ◦C at 10 ◦C min−1 for an uncured sample of prepreg.
The Tg of the Quickstep ‘straight’ sample was found to be 235 ± 7.8 ◦C and the
Tg of the Quickstep ‘spike’ sample was found to be 228 ± 11.1 ◦C. The degree of cure
of the Quickstep ‘straight’ sample was found to be 96.9% ± 0.16 and of the Quickstep
‘spike’ sample 94.6% ± 1.23, showing that there is no significant difference between the
two cure cycles as determined by DSC. All errors for Tg were calculated using one stan-
dard deviation. Degree of cure was calculated for individual samples, then averaged and
the standard deviations were calculated using one standard deviation from the averages.
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The Tg observed was approximately 50 ◦C above the curing temperature because cure of
TGDMM is an example of a thermosetting reaction in which the Tg of the cured material
becomes higher than the reaction temperature. This is due to diffusion control before all
functional groups have reacted [170]. Figure 5.3 is a typical DSC curve for the Quickstep
‘straight’ cycle and figure 5.4 is a typical DSC curve for the Quickstep ‘spike’ cycle. The
Tg onset is labeled in both figures.
Figure 5.3: DSC from 30 ◦C to 300 ◦C at 10 ◦C min−1 for the Quickstep ‘straight’ cycle.
Figure 5.4: DSC from 30 ◦C to 300 ◦C at 10 ◦C min−1 for the Quickstep ‘spike’ cycle.
Figures 5.5 and 5.6 show the optical micrographs for typical sections of the Quickstep
‘straight’ and Quickstep ‘spike’ panels. Both show large pores and figure 5.5 displays a
section of one of the open areas on the bottom (centre of the figure). The porosity for both
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the Quickstep ‘straight’ and Quickstep ‘spike’ panels were approximately 3%.
Figure 5.5: Optical micrograph of the Quickstep ‘straight’ panel after curing.
Figure 5.6: Optical micrograph of the Quickstep ‘spike’ panel after curing.
Based on the evidence for insufficient resin flow and poor consolidation, it was de-
cided to use the Quickstep ‘full’ cycle because of its extended dwell, which would in-
crease the processing window. Figures 5.7 and 5.8 show the top and bottom of the re-
sultant panel, respectively. The surface finish (figure 5.7) was typical of cured laminate
stack and without any of the delamination evident in the Quickstep ‘spike’ panel. Most
importantly, the bubbling and open areas from the Quickstep ‘straight’ and spike panels
is not present in figure 5.8.
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Figure 5.7: Top view of the cured Quickstep ‘full’ panel.
Figure 5.8: Bottom view of the cured Quickstep ‘full’ panel.
The Tg of the Quickstep ‘full’ sample was found to be 223 ± 4.3 ◦C and the degree of
cure was found to be 95.2% ± 0.77, which is similar to the values observed for the other
two cure cycles. Figure 5.9 is a typical DSC curve for the Quickstep ‘full’ cure cycle with
the Tg onset labeled in the figure.
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Figure 5.9: DSC from 30 ◦C to 300 ◦C at 10 ◦C min−1 for the Quickstep ‘full’ cycle.
Figure 5.10 shows the optical microgaph for a typical section of the Quickstep ‘full’
panel showing virtually no porosity. This is in contrast with the micrographs of the Quick-
step ‘straight’ and spike panels which show a great deal of porosity.
Figure 5.10: Micrograph of Hexcel 8552 cured using the Quickstep ‘full’ cycle.
The Quickstep ‘full’ cycle was chosen for further studies due to the low porosity and
good interlaminar adhesion.
5.1.1 Development of Cure During the Quickstep ‘Full’ Cure Cycle
DSC was used to monitor the development of cure throughout the Quickstep ‘full’
cure cycle, using the points listed in table 4.1. Those points were at the end of the initial
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ramp, 30 minutes into the first dwell, at the end of the first dwell, and the end of the
second ramp, 30 minutes into the second dwell, at the midpoint (one hour) of the second
dwell and at the end of the second dwell. Four samples at each point were heat treated
using the DSC, cooled to 30 ◦C and then scanned from 30 ◦C to 300 ◦C at 10 ◦C min−1.
The results are shown in figure 5.11 and are enumerated in table 5.1.
It is evident that during the initial ramp a negligible amount of crosslinking and net-
work formation occurs. As the dwell progresses, significant reaction first begins. By the
time the 130 ◦C dwell finishes, the system is only 28.0 ± 9.3% cured. During the second
ramp to 180 ◦C there is additional curing, but not significantly so. However during the
second dwell crosslinking and network formation proceeds rapidly. By Point E, i.e. half
an hour into the second dwell, the system is approximately 80% cured. The remainder of
the 180 ◦C dwell only increases the degree of cure by approximately 7%.
Figure 5.11: The degree of cure observed at various points throughout the Quickstep ‘full’
cure cycle.
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Table 5.1: The degree of cure observed at various points throughout the Quickstep full
cure cycle.
Point A Point B Point C Point D
∆Hr (J/g) −474± 54 −450± 21 −344± 45 −282± 10
α (%) 0.82± 11.2 5.69± 4.4 28.0± 9.3 41.1± 2.2
Point E Point F Point G
∆Hr (J/g) −79.8± 7.8 −69.9± 13 −63.8± 23
α (%) 83.3± 1.6 85.4± 2.7 −86.7± 4.8
The ∆Ht used to calculate α was −477 ± 32 J/g as determined from four
samples of uncured pre-preg.
5.1.2 Development of the Glass Transition Temperature During the
Quickstep ‘Full’ Cycle
Hyper DSC was used to monitor the development of the glass transition temperature
throughout the Quickstep ‘full’ cycle using the points listed in table 4.1. For points with
very little or no degree of cure, i.e. uncured material and points A, B and C, four samples
at each point were heat treated using the DSC, cooled to −100 ◦C and then scanned from
−100 ◦C to 300 ◦C at 400 ◦C min−1. For points with moderate to heavy crosslinking
and network formation, the samples were heat treated and then cooled to −30 ◦C and
then scanned from −30 ◦C to 300 ◦C at 400 ◦C min−1. Tg’s were determined by taking
intersection of the tangent to the initial line and the tangent to the line of the change in
slope. Figure 5.12 is a typical hyper DSC curve for 8552 heat treated according to point B
and figure 5.13 is a typical hyper DSC curve for 8552 heat treated according to point G.
The Tg is marked in each figure.
Note that the scale in these two figures are vastly different from figures 5.3, 5.4 and
5.9. In the 10 ◦C min−1 scans, the y-axis ranges between three and five mW, but the y-axis
range in the hyper DSC scans are in excess of 100 mW. The shift in power caused by the
glass transition in the 10 ◦C min−1 was in the order of 1 mW and the shift in power in
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the hyper DSC runs was in the order of 20 mW. This y-axis range exaggeration during
heat work events is the main advantage of hyper DSC. Rate independent heat work events
such as glass transition are amplified and are not interfered with by rate dependent events
such as cross-linking [156,171–173]. Therefore, it was deemed that hyper DSC would be
useful in this study.
Figure 5.12: DSC scan at point B from −100 ◦C to 300 ◦C at 400 ◦C min−1.
Figure 5.13: DSC scan at point G from −30 ◦C to 300 ◦C at 400 ◦C min−1.
Figure 5.14 shows the progression of the glass transition temperature through the
Quickstep ‘full’ cycle and table 5.2 enumerates the values. Four samples were taken
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at each data point. The Tg of the uncured resin starts at approximately 0 ◦C, but even at
point A — after a ramp at 10 ◦ min−1 from 30 ◦C to 130 ◦C — the Tg increases sub-
stantially. However throughout the first dwell, the Tg remains between 15 ◦C and 25 ◦C.
It is not until the second ramp — from 130 ◦C to 180 ◦C at 10 ◦C min−1 — that the Tg
increases as crosslinking and network formation start in earnest. This is to be expected
because the initial dwell is not intended to cure the composite, but to reduce the viscosity
of the resin and to aid fibre wetting. A sufficient degree of cure is also developed dur-
ing the initial dwell to prevent thermal runaway during the remainder of the cycle. The
second dwell at 180 ◦C is where most of the network formation occurs as evidenced by
figures 5.11 and 5.14.
Figure 5.14: The Tg as measured with hyper DSC observed at various points throughout
the Quickstep ‘full’ cure cycle.
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Table 5.2: The glass transition temperature recorded at various points throughout the
Quickstep ‘full’ cure cycle.
Uncured Point A Point B Point C
Tg (◦C) −0.94± 2.4 15.5± 1.9 24.0± 0.8 24.6± 4.3
Point D Point E Point F Point G
Tg (◦C) 75.34± 1.9 199.2± 4.6 222.5± 1.5 228.4± 1.4
At point E — after 30 minutes at 180 ◦C — the Tg jumped to nearly 200 ◦C and
30 minutes later at point F the Tg has increased to nearly 225 ◦C. Finally at the end of
the second dwell at point G the Tg has only increased by another 6 ◦C. Further time at
temperature would give rise to a minor increase in crosslink density and therefore also
the Tg, however during the the final hour of the 180 ◦C dwell the system has vitrified, or
solidified into a glassy state, and therefore it only produced a minor amount of improve-
ment. For this reason, it was deemed that the two hour dwell was sufficient to produce a
well cured part.
Sun et al. [174] found that 8552 prepreg closely followed an empirical equation (equa-
tion 5.1.2) proposed by DiBenedetto [175] and modified by Pascault and Williams [176]
for highly crosslinked systems. Tg0 is the glass transition temperature at 0 ◦C, Tg∞ is
the maximum Tg observed, which was 246 ◦C in this study, and λ is a structure related
parameter which is 0.64 for 8552 [174].
Tg =
(1− α)Tg0 + λαTg∞
(1− α) + λα (5.1.2)
Figure 5.15 is the observed glass transition temperature as a function of degree of cure.
The solid line in the figure is the prediction of equation 5.1.2. While the experimental does
not track the predicted path precisely, the general trend and curvature and path match. In
particular, the curvature of both plots shows that the rate of increase of the Tg increases
as the degree of cure increases.
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Figure 5.15: Glass transition as a function of degree of cure during the Quickstep ‘full’
cure cycle.
5.1.3 Rheology of the Quickstep ‘Full’ Cure Cycle
Figure 5.16 is a rheological curve for 8552 neat resin during the Quickstep ‘full’
cure cycle. The neat resin, provided by Hexcel, was supplied in the B-stage. This was
confirmed with a single DSC scan from 30 ◦C to 300 ◦C at 10 ◦C min−1 which showed an
exothermal peak of 510 J/g. The 180 ◦C dwell was reduced to ten minutes from two hours
because that is sufficient time at temperature for the epoxy to solidify, after which point
the rheometer would not yield any more useful information. Although further crosslinking
occurs after this point the rheological trace does not show any difference [177].
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Figure 5.16: Rheological curve for 8552 resin during the Quickstep ‘full’ cure cycle.
The viscosity drops precipitously by just over 10 Pa·s to below 101 Pa·s during the
initial ramp to 130 ◦C. It has been shown that the gel point (approximated by the G′/G′′
crossover when tan δ = 1.0) of 8552 occurs at or about the time when the viscosity passes
between 102 Pa·s and 103 Pa·s [138, 169, 178, 179]. This gel point was approximation
signifies when flow ceases. Using equation 2.2.1 and the knowledge that Hexcel 8552
is some proprietary mixture of tri-functional and tetra-functional, the conversion rate at
the gel point has been estimated to be between 20% and 40%, which corresponds to
between points C and D (figure 5.15). At 51.4 min (3084 s) into the 130 ◦C dwell tan δ
reached 1.0 and the viscosity was approximately 103 Pa·s; allowing for ample time for
fibre wetting and resin flow. Full rheological studies have been carried out following
the Quickstep ‘full’, Quickstep ‘spike’ and Quickstep ‘straight’ cycles using chemically
similar materials — i.e. Hexcel 6376 [95] and Cytec 977-2A [168] — which found that
the processing window — i.e. the time for viscosity to reach 102 Pa·s — is approximately
40 minutes longer in the Quickstep ‘full’ cycle as compared to the Quickstep ‘straight’
cycle. The Quickstep ‘spike’ cycle only adds an additional ten minutes to the processing
window, but at the cost of reducing the fibre wetting region which is the time at low
viscosity (i.e. ≤ 75 Pa·s) [168].
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5.2 Through-Thickness Melding with Quickstep
In order to test the through-thickness melding chamber, Hexcel 6376, which is chem-
ically similar to Hexcel 8552 (see section 3.1), was used. The chamber (see section 3.4)
was used with the Quickstep plant using the Quickstep ‘full’ cycle. The sample panels
were examined qualitatively and the chamber performance was examined by monitoring
the temperature via thermocouples above and below the panel.
Three attempts were made to through-thickness meld using the Brookhouse chamber;
one with no insulation and two using layers of breather cloth material as insulation. With
no insulation it was found to be impossible to raise the temperature of the hot chamber
above 65 ◦C due to heat transfer to the cold chamber.
When two layers of breather material was used to keep the hot chamber insulated from
the cold chamber, it was found to be impossible to keep the temperature of the hot cham-
ber above 75 ◦C. During the final attempt using the through-thickness melding chamber
ten layers of breather material were used as insulation. Figure 5.17 shows the tempera-
ture profile oberved in the final attempt at through-thickness melding in the Brookhouse
chamber.
Despite the insulation, it was found to be impossible to raise the temperature of the
hot chamber above 90 ◦C. Each Brookhouse chamber, top and bottom, was 115 L and
each chamber had an area of 0.675 m2 exposed to the other chamber. The large volume
of cold water and extensive contact area with the hot chamber meant that there was too
much heat being exchanged between the hot chamber and the cold chamber.
In a final attempt to through-thickness meld with the Quickstep machine. The 900 ×
900 × 70 mm clamshell was used for this work. Even though the bigger clamshell has a
surface contact area of 0.810 m2, it was hoped that the addition of 10 mm diameter insula-
tion tubes would sufficiently isolate the cold chamber from the hot chamber. Additionally,
because the chambers were substantially shallower than the Brookhouse chambers, the
900 × 900 mm clamshell only held 57 L of heat transfer fluid. The resultant temperature
profile is shown in figure 5.18.
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Figure 5.17: Temperature profile observed in the through-thickness melding chamber with
ten layers of insulation.
Figure 5.18: The temperature profile observed in the 900 × 900 mm clamshell used for
semi-curing.
It was observed that the temperature in the hot chamber never exceeded 165 ◦C and it
was impossible to raise the temperature to the full curing temperature of 180 ◦C. Further-
more, this temperature profile was unable to be reproduced.
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5.3 Hot Press Semi-Curing
The limiting factor for increasing temperature in the Quickstep plant is the temperature
of the heat transfer fluid. In the previous section it was found to be very difficult to raise
the temperature to the cure temperature because of the interaction of cold and hot fluid at
the interface. For this reason, the semi-curing process was then taken out of the Quickstep
plant and moved to a hot press.
The hot press used in this study has independent controllers for the top and bottom
platens which never come in contact with one another. Furthermore, a very thick part,
i.e. 100 plies for TTM-3 and 80 plies thereafter, were cured so as to ensure a separation
between the hot and cold platens and to ensure that the part was thick enough to experience
a temperature differential throughout the sample. Figure 5.19 shows a typical temperature
profile through the thickness of a semi-cure sample during curing.
Figure 5.19: Typical temperature profile through the thickness of a semi-cure sample.
Each dip in the temperature denotes a time that cold water was flushed through the
cold bottom platen to keep the temperature below 40 ◦C. This temperature profile was sim-
plified taking the averages of the temperatures at each thermocouple during each dwell.
The resultant profile is shown in figure 5.20. Table 5.3 enumerates the dwell temperatures
and temperature ramp rates in figure 5.20.
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Figure 5.20: Simplified temperature profile observed in TTM-8.
Table 5.3: Simplified ramp rates and dwell temperatures observed during the semi-curing
process.
Thermocouple Ramp 1 Dwell 1 Gradient Ramp 2 Dwell 2 Gradient Ramp 3
Undercold 1 40 – 1 50 – −3
1/2 2 55 – 1 70 – −6
15/16 2 60 3 2 85 9 −8
30/31 2 70 5 3 105 10 −11
45/46 3 80 5 3 115 5 −12
60/61 3 85 3 4 125 5 −13
75/76 3 100 8 3 135 5 −15
Overhot 5 135 – 5 190 – −22
All temperatures are in ◦C, all ramp rates are ◦C min−1 and all gradients are ◦C mm−1.
The hot platen was set to ramp at 5 ◦C/min−1 and the slower ramp rates are indicative
of time lag for the heat to diffuse through the sample. This adequately demonstrates
that it is possible to effect a temperature differential throughout the semi-curing process.
Internally, at the top and bottom of the laminate stack a temperature gradient of 45 ◦C was
observed during the initial dwell and a temperature gradient of 65 ◦C was observed during
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the second dwell. The gradient between thermocouples, i.e. every 15 plies, was observed
to be between 3 and 8 ◦C mm−1 during the initial dwell and between 5 and 10 ◦C mm−1
during the second dwell.
5.3.1 Development of the Semi-Curing Process
TTM-1 and TTM-2 were failed attempts to semi-cure in the Quickstep chamber. Sam-
ples numbered TTM-3 and above were semi-cured in the hot press. Because TTM-3 was
a test panel, 100 plies of 6376 were used and a determination of the efficacy of the process
was made qualitatively.
After semi-curing, TTM-3 felt tacky to the touch on the cold side and felt solid on
the hot side. This result was deemed a success and all samples numbered TTM-4 and
above were made from 8552 and were examined quantitatively using differential scanning
calorimetry to determine the degree of cure. It was also decided to reduce the sample size
from 100 plies to 80 plies of 8552 because a sufficient temperature gradient was achieved
through the thickness of the sample and it was deemed that using the thinner panel would
not result in a high degree of cure on the cold side. After semi-curing, a 10 mm strip
of material was cut, using a diamond saw, from the side of the panel that contained the
thermocouples. The panel and the off-cut strip were stored separately at −20 ◦C in order
to arrest further cure until they were needed. This served the dual purpose of eliminating
the thermocouples from the system and of providing ample material with which to carry
out the DSC study. DSC specimens were obtained from the hot side by sanding off the
resin. From the cold side and the middle, small pieces of partially cured resin were cut
from the sample with a knife. Care was taken not to contaminate any of the samples with
material from different parts of the panel.
5.3.1.1 DSC for Degree of cure in TTM-4 and TTM-5
For TTM-3 through 5 an abbreviated cure cycle was used to ensure that the cold side
remained sufficiently uncured. The dwell times used in the Quickstep ‘full’ cycle were
halved to 30 minutes for the 130 ◦C dwell and 60 minutes for the 180 ◦C dwell to ensure
that the cold side remained uncured and workable. Table 5.4 shows the values for the
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degree of cure from the hot side, cold side and the middle of the panels.
Table 5.4: Degree of cure of the hot side, middle and bottom side of TTM-4 and TTM-5.
TTM-4 TTM-5
Hot Middle Cold Hot Middle Cold
∆Hr (J/g) −407± 21 −448± 18 −513± 23 −399± 38 −497± 44 −506± 19
α (%) 23.2± 4.0 15.6± 3.5 3.3± 4.37 24.8± 7.2 11.4± 8.2 4.6± 3.5
The ∆Ht used to calculate α was −530 ± 16 J/g as determined from three samples of uncured pre-preg.
This DSC study confirmed the qualitative results that the hot side felt solid to the touch
and the cold side still felt tacky. The cold side, which was about 3% cured, is very close
to uncured and the middle was only cured between 10% and 15% which is also nearly
uncured. The thermal history of the epoxy at the cold side and middle of the panels was
close to that of the epoxy at or before point A in the Quickstep ‘full’ cycle (figures 5.11
and 5.14). The hot side experienced more heating and thus was approximately 25% cured,
however, even this amount of curing is only analogous to point C of the Quickstep ‘full’
cycle. It was determined that extending the cure to a one hour dwell at 130 ◦C and a one
and a half our dwell at 180 ◦C would allow for more curing of the panel, particularly on
the hot side, and still leave sufficient tack on the cold side to fully meld the sample. All
further samples semi-cured (TTM-6 and up) in this work used this cure cycle.
5.3.1.2 Optical Microscopy for Porosity in TTM-4 and TTM-5
Optical micrographs were taken of samples from the sides of the panel exposed to the
hot and cold platens and from the middle. Samples were cut with a diamond saw from
the strip removed for the DSC study. Each specimen was mounted in epoxy and polished
according to the method outlined in section 4.4. Figures 5.21 - 5.23 show the optical
micrographs for TTM-4 and figures 5.24 - 5.26 show the optical micrographs for TTM-5.
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Figure 5.21: Optical micrograph of the side of TTM-4 exposed to the hot platen.
Figure 5.22: Optical micrograph of the middle of TTM-4.
Figure 5.23: Optical micrograph of the side of TTM-4 exposed to the cold platen.
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The micrographs for TTM-4 (figures 5.21 - 5.23) show the issues with the semi-curing
process. At the hot platen (figure 5.21) there is approximately 8% porosity present. Even
at a degree of cure of 25% degree of cure the resin flow is severely hampered as shown
in figure 5.16. At a degree of cure of 25% the viscosity is 8 × 103 Pa·s, so this porosity
will not be eliminated during the full meld process. In the micrograph for the middle of
TTM-4 (figure 5.22), much less resin flow has occurred and also less porosity. Horizontal
lines can be seen which are ply delaminations caused by the cutting polishing processes.
However, since this section is only 10% cured there is still time for resin flow to help
reconsolidate the laminates. In the micrograph of the side of TTM-4 exposed to the
cold platen (figure 5.23), the same effects that were present in the middle micrograph are
present and more exaggerated due to the lower temperature to which it was exposed.
Figure 5.24: Optical micrograph of the side of TTM-5 exposed to the hot platen.
Figure 5.25: Optical micrograph of the middle of TTM-5.
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Figure 5.26: Optical micrograph of the side of TTM-5 exposed to the cold platen.
The micrographs for TTM-5 show the same features generated by of the semi-curing
process as the micrographs for TTM-4. At the hot platen (figure 5.24) there is approxi-
mately 5% porosity which is less than in TTM-4. However when the samples are fully
melded the semi-cured laminate that has the most porosity is likely to dominate the poros-
ity figure. In the micrograph for the middle section of TTM-5 (figure 5.25) the distortion
of the ply interfaces caused by the cutting and polishing process is more dramatic. There
also appear to be small pores in the matrix. However, during the full meld process, it
is believed that because of the low degree of cure, these pores can be removed from the
sample. The cold-exposed part of TTM-5 (figure 5.26) has dark areas within the plies and
wide areas between the plies. It is theorized that the dark areas are resin rich and that the
gaps between plies, which have lighter areas within them, are fibre bundles.
5.3.1.3 Degree of Cure (DSC) in TTM-6 and Above
For TTM-6 and above the full semi-cure cycle was used. The intermediate dwell was
extended to 60 min at 130 ◦C and 90 min at 180 ◦C because it was determined that TTM-3,
TTM-4 and TTM-5 experienced a small amount of curing and extending the dwells would
increase the amount of curing near the hot platen without being detrimental to the ease
of handling of the laminate near the cold platen. The effect of this increase is apparent
in the values for degree of cure presented in table 5.5. On the sides that were exposed
to the hot platen, the degree of cure was over 50% increased from 25% in the earlier
samples. In the middle, the increase was from approximately 15% to roughly 25%, and
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at the side exposed to the cold platen the increase was from < 5% to between 10% and
15%. This increased degree of cure was a desirable end to the change in cure cycle. The
side exposed to the hot platen was easier to handle, due to the increased level of cure.
Because the semi-cured panels were stored at −20 ◦C, any further curing was halted until
the final full meld, which also acted effectively as an extended post cure for this region.
The other major beneficial effect of the extended cure cycle was to increase the number
of plies which were effectively solid, thus decreasing the transition zone.
Table 5.5: Degree of cure of the hot side, middle and bottom side of panels TTM-6 to
TTM-13.
TTM-6 TTM-7
Hot Middle Cold Hot Middle Cold
∆Hr (J/g) −191± 9 −370± 14 −447± 48 −210± 41 −371± 30 −421± 27
α (%) 60.0± 1.8 22.6± 2.9 6.3± 9.8 56.1± 8.5 22.4± 6.4 11.7± 5.7
TTM-8 TTM-9
Hot Middle Cold Hot Middle Cold
∆Hr (J/g) −231± 14 −341± 12 −398± 6 −199± 31 −336± 14 −396± 38
α (%) 51.2± 2.7 27.9± 2.5 15.7± 1.3 57.8± 6.86 28.8± 7.5 16.0± 3.5
TTM-10 TTM-11
Hot Middle Cold Hot Middle Cold
∆Hr (J/g) −210± 41 −364± 35 −417± 34 −211± 27 −364± 28 −410± 35
α (%) 55.7± 2.0 23.5± 5.3 12.3± 4.0 55.7± 8.3 23.7± 4.4 13.6± 2.8
TTM-12 TTM-13
Hot Middle Cold Hot Middle Cold
∆Hr (J/g) −208± 11 −382± 38 −407± 30 −223± 28 −385± 27 −412± 25
α (%) 55.8± 2.3 20.1± 8.0 14.8± 6.2 53.3± 2.8 19.8± 5.8 13.0± 5.31
The ∆Ht used to calculate α was −530 ± 16 J/g as determined from three samples of uncured pre-preg.
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TTM-6 and TTM-7 were laid up in the same fashion as TTM-4 and TTM-5. That is
they were layed up without any edge dams, and consequently under the applied pressure
from the hot press the fibres blew out transverse to the fibre direction. The problem was
not critical, as the total blowout was only between 10 and 15 mm, but for TTM-8 and
above edge dams fashioned from layers of tacky tape (for structural integrity) wrapped
in glass (to allow for some resin flow) were used to restrain the laminate. The data in ta-
ble 5.5 shows no significant difference between those panels made with, and those without
edge dams. Therefore, despite a slight change in the pressure distribution due to the in-
creased area of the sample, the addition of edge dams proved to be only a convenience
issue and did not affect the degree of cure.
5.3.1.4 Optical Microscopy of TTM-6 and Above
Optical micrographs were taken from all the semi-cured panels. The samples were
mostly indistinguishable from one another. Figures 5.27 - 5.29 are samples from the side
of TTM-8 exposed to the hot platen, middle of the panel and the side exposed to the
cold platen, respectively, and are typical of all the semi-cured panels numbered TTM-6
and above. These micrographs were taken longitudinal to the fibre direction rather than
normal as in the earlier micrographs.
For all the TTM samples from the side exposed to the hot platen, and from the middle,
the porosity was approximately 3%. It is believed that the decrease in porosity is due to
the increased intermediate dwell time which enabled the resin to have more time in the
processing window, thereby allowing resin flow to remove pores. The deformation from
the cutting and polishing process seen in the earlier micrographs was not evident in these.
Again, it is believed that this is due to the increased processing time which allowed for
a greater degree of cure, producing a matrix that was easier to cut without damaging the
surface.
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Figure 5.27: Optical micrograph of the side of TTM-8 exposed to the hot platen.
Figure 5.28: Optical micrograph of the middle of TTM-8.
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Figure 5.29: Optical micrograph of the side of TTM-8 exposed to the cold platen.
5.3.2 Rheological Analysis of the Semi-Curing Process
Rheological measurements were carried out to characterize the effect of the semi-
curing process on the resin flow of 8552. All experiments were carried out with neat 8552
resin (provided by Hexcel) using the Haake MARS rheometer with controlled deforma-
tion auto-strain oscillations. The complex viscosity (η∗) and temperature were monitored
as a function of time. Figure 5.30 is the viscosity profile of the neat resin obtained by
ramping fresh resin from 60 ◦C to 180 ◦C and holding at 180 ◦C for 10 min. This profile
was used as a zero point with which to compare the other profiles. Recall that the gel
point was approximated as when tan δ reached 1.0 to signify when flow ceases. The min-
imum viscosity observed was 1.51 Pa·s and tan δ reached 1.0, after 17.1 min (1026 s) at
a viscosity of 3.6 ×102 Pa·s. For this study, the gel point is defined as the time for η∗ to
pass between 102 Pa·s and 103 Pa·s and is essentially the point where the resin viscosity
is high enough so that the processing window is closed [44, 168, 177, 179]. The heating
schedule followed for each run was listed previously in table 4.1.
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Figure 5.30: Rheological profile for neat 8552 resin ramped from 60 ◦C to 180 ◦C at
10 ◦C min−1.
Figures 5.31 and 5.32 are the full viscosity profiles observed at TC 1/2 and TC 75/76
respectively. In figure 5.31 the temperature was held at 55 ◦C for one hour, then ramped
to 70 ◦C for one and a half hours before being cooled back to 60 ◦C and finally ramped
to 180 ◦C at 10 ◦C min−1. This temperature profile is also typical of those observed
at TC 15/16, TC 30/31 and TC 45/46. The viscosity decreased from approximately
6 × 102 Pa·s to approximately 1 × 101 Pa·s at the second dwell and then dropped sig-
nificantly (approximately two orders of magnitude) during the ramp to 180 ◦C, before
curing rapidly (<5 min from minimum viscosity to solidification). During the final step,
tan δ reached 1.0 at 2.7 ×102 Pa·s after 16.0 min (960 s). In figure 5.32 the tempera-
ture was held at 100 ◦C for one hour, then ramped to 135 ◦C for one and a half hours
before being cooled back to 60 ◦C and finally ramped to 180 ◦C at 10 ◦C min−1. This
temperature profile is also similar to that observed at TC 60/61. 31.3 min (1878 s) into
the second dwell, tan δ passed 1.0 (when η∗ = 7.7 × 102 Pa·s) and the resin behaved as
solidified resin until the end of the run. The resin may have vitrified but does not appear
to devitrify upon increasing the temperature to 180 ◦C. The heating schedules follow the
153
5.3. HOT PRESS SEMI-CURING
thermocouple placements described in table 4.1.
Figure 5.31: Rheological profile for neat 8552 resin at TC 1/2 then ramped from 60 ◦C to
180 ◦C at 10 ◦C min−1.
Figure 5.32: Rheological profile for 8552 neat resin at TC 75/76 then ramped from 60 ◦C
to 180 ◦C at 10 ◦C min−1.
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Figure 5.33 is a compilation of the viscosity profiles during the first dwell. In these
profiles, the highest viscosity run was generated by the temperature profile of TC 1/2
and each subsequent profile through the thickness of the semi-cured panel is of lower
viscosity. This is to be expected since the initial dwell temperature is higher at the ther-
mocouples placed deeper in the panel. Most of the curves are generally smooth with only
some minor fluctuations. However, TC 75/76 was exposed to 100 ◦C and has a visible
upwards trend, implying that crosslinking has started, if only in a small way, during this
profile.
Figure 5.33: Rheological profile during the 60 minute intermediate dwell, as observed
through the thickness of the semi-cured sample.
Figure 5.34 is a compilation of the viscosity profiles during the second dwell. The pro-
files from TC 1/2 and TC 15/16 are not at a high enough temperature to effect much cure.
However that from TC 30/31 generates a distinct upward slope in the viscosity profile.
This slope is similar to the increase in viscosity seen by TC 75/76 in figure 5.33. This is
not unexpected as TC 30/31 is at 105 ◦C during the second dwell, comparable to TC 75/76
(held at 100 ◦C in the first dwell). By the time the observer reaches TC 45/46, held at
125 ◦C in the second dwell, there is a significant increase in viscosity to approximately
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2 × 103 Pa·s, however this solidification is believed to be vitrification. Upon heating to
180 ◦C (figure 5.35), the viscosity drops two orders of magnitude before tan δ = 1.0.
TC 60/61 and TC 75/76, however both reach the gel point and become solid during the
second dwell. When they reach the gel point the values of η∗ becomes erratic because as
the epoxy hardened the strain imposed by the rheometer was too great for the transducer.
However the general trend of the line is still valid. Figure 5.34 therefore implies that after
semi-curing the panels became solid approximately 50 plies into the 80 ply sample.
Figure 5.34: Rheological profile during the 90 minute final dwell, as observed through
the thickness of the semi-cured sample.
Figure 5.35 is a compilation of the temperature ramps from 60 ◦C to 180 ◦C after each
sample was exposed to the prescribed heat treatment. For TC 1/2 and TC 15/16 there was
very little change in the viscosity during the two dwells, and it can be seen in figure 5.35
that the minimum viscosity at these points is similar to the fresh resin. However it is ev-
ident that a small amount of crosslinking had occurred during the heat treatment because
it took less time to reach the gel point. TC 30/31 and TC 45/46 experienced marked in-
creases in viscosity when they were held at approximately 100 ◦C, and it can be seen in
figure 5.35 that there was a significant increase in the minimum viscosity and a significant
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reduction in gel time. TC 60/61 and TC 75/76, which passed through the gel point during
the second dwell, behaved as cured resins during the final stage. At both points there was
a slight dip in viscosity as the temperature approached 180 ◦C, but neither fell below 104
Pa·s, well above where the sample is considered solid. Table 5.6 shows the minimum
viscosities and time to gel point for each point in the semi-curing process.
Figure 5.35: Rheological profile from 60 ◦C to 180 ◦C at 10 ◦C min−1 after each heat
treatment observed in the semi-cured sample.
Table 5.6: The minimum viscosities during the temperature ramp from 60 ◦C to 180 ◦C at
10 ◦C min−1 and times to the gel point (tan δ = 1.0) after each heat treatment observed
in the semi-curing process.
Fresh Resin TC 1/2 TC 15/16 TC 30/31
Minimum η∗ (Pa·s) 1.51× 100 1.13× 100 1.70× 100 2.53× 101
Time to gel point (s) 1026 960 888 702
η∗ at gel point (Pa·s) 3.6× 102 2.7× 102 2.9× 102 1.7× 102
TC 45/46 TC 60/61 TC 75/76
Minimum η∗ (Pa·s) 3.39× 102 1.58× 104 2.01× 104
Time to gel point (s) 552 3520† 1880†
η∗ at gel point (Pa·s) 3.8× 102 1.9× 103 7.7× 102
†- The gel point was reached during the second dwell.
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5.4 Through-Thickness Meld Joining
The semi-cured panels described in section 5.3.1 were then meld-joined using the
Quickstep ‘full’ cycle in the 900× 900 clamshell. A thermocouple was placed at the meld
line to ensure that the correct temperatures were reached within the panel. Figure 5.36
shows the cure cycle for FM-2 and FM-3, which were cured concurrently.
Figure 5.36: Cure cycles for through-thickness melded panels FM-2 and FM-3
The temperature recorded by the internal thermocouples lagged behind the tempera-
ture recorded on the caul plates by a period of 5 min to 10 min because the 160 plies of
material acted as an insulator. Likewise, during the dwells and the cool down the internal
thermocouple temperatures were between 5 ◦C and 10 ◦C above the temperature of the
caul plate thermocouples. This may also be due to the exothermic reaction of the epoxy
curing creating a slightly higher temperature in the part itself. One of the advantages of
the Quickstep chamber is that thermal runaway is much less of an issue than in autoclave
curing [2] and was not an issue in this study.
FM-1 was fabricated using TTM-4, which was cured on top and TTM-5 which was
cured on the bottom. The glass transition temperature and degree of cure were measured
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using DSC by scanning the from 30 ◦C to 180 ◦C at 10 ◦C min−1. The results are shown
in table 5.7.
Table 5.7: Degree of cure and Tg as determined by DSC for FM-1.
TTM-4 Meld Line TTM-5
∆Hr (J/g) −2.5± 1.4 −4.3± 2.7 −8.91± 2.0
α (%) 99.5± 0.3 99.2± 0.5 98.7± 0.7
Tg (◦C) 244± 2.9 244± 0.7 244± 1.9
The ∆Ht used to calculate α was −530 ± 16 J/g as determined
from three samples of uncured pre-preg.
The fully melded panel was succesfully joined, in that the properties through the thick-
ness were very similar; all had a Tg of 244 ◦C, and all were in excess of 98% cured. De-
spite the interruption of the curing process caused by the semi-curing step, the reaction
resumed and was completed during the meld-join cure. However it was immediately ob-
vious that there were problems during the cure. Figure 5.37 shows the cross section of the
fully melded panel.
Figure 5.37: Cross section of FM-1 after curing.
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The meld line of the sample shows extremely severe porosity. FM-1 was cured without
any edge damns and it is believed that during curing the edges closed, trapping gasses in
the bulk. This issue was exacerbated by the fact that the outer edges of the panel were
partially cured during the semi-curing cycle, so that the closing off of the edges occurred
more quickly than would otherwise have occurred. Figures 5.38 - 5.40 are micrographs
of the top half of FM-1 (originally TTM-4), the meld line and the lower half of FM-1
(originally TTM-5), respectively.
Figure 5.38: Optical micrograph of the area of FM-1 that originated from TTM-4.
Figure 5.39: Optical micrograph of the meld line of FM-1.
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Figure 5.40: Optical micrograph of the area of FM-1 that originated from TTM-5.
Figure 5.41: The full section of FM-1 analyzed with optical microscopy.
The section from TTM-4 was found to have 18% porosity, the section from TTM-
5 16% porosity, and the porosity at the meld line was 62%. The porosity in the outer
parts is obviously significant, but the edges are much more consolidated than the centre.
Figure 5.41 is the section of FM-1 that was imaged by optical microscopy. It clearly shows
massive cavities in the middle region and the more consolidated edges. The value of the
porosity at the meld line (62%) is misleading, however. The cavities at the meld line were
not formed by the normal process for pore formation, as discussed in section 2.6.3, but
through a different mechanism. It is believed that the pinching discussed in section 5.4
is the cause of these cavities. Two remedies were suggested to avoid pinching at the
edges during the melding cure. During curing of thick composite parts, it has been found
to be advantageous to use cork edge dams to constrain the edges to prevent them from
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collapsing. Secondly, woven glass fabric inserts can be placed at the corners of the layup
to help excess resin flow away from the sample and to give gasses, that would otherwise
be trapped, an avenue of escape [180].
FM-2 was fabricated from TTM-6 and TTM-7, and FM-3 from TTM-8 and TTM-9.
During layup, a swatch of woven glass fabric was placed at each corner of FM-2, whereas
FM-3 was fabricated with both these glass inserts and cork edge dams. Figure 5.42 shows
FM-2 and FM-3 after curing, but before the glass inserts and cork edge dams were re-
moved.
Figure 5.42: FM-2 (left) and FM-3 (right) after curing displaying the edge remedies.
After curing the two fully melded panels were first examined visually. It can be seen
in figure 5.42 that FM-3 has significant bowing. The bowing was not as severe as in
FM-1, but was still significant enough to deem the woven glass fabric inserts insufficient
to remove all the gasses from the interior of the sample. The glass fabric inserts helped
by providing an avenue of escape for gasses, but it was not enough to prevent the edges
pinching closed. FM-2 on the left had no visible bowing. The cork edge dams acted
as a physical restraint, keeping the edges in place while the sample cured. The edge
162
5.4. THROUGH-THICKNESS MELD JOINING
dams combined with the woven glass fabric inserts, which allowed the trapped gasses to
escape, created a well consolidated panel. All further fully melded samples were cured in
this fashion.
Thermally, the two fully melded samples were similar to FM-1. All areas of the panels
had Tgs above 240 ◦C and were over 96% cured. Table 5.8 summarizes the results of the
DSC study of FM-2 and FM-3.
Table 5.8: Degree of cure and Tg as determined by DSC for FM-2 and FM-3.
FM-2
TTM-6 Meld Line TTM-7
∆Hr (J/g) −12.3± 5.7 −15.7± 6.3 −2.8± 2.1
α (%) 97.4± 1.2 96.7± 1.3 99.4± 0.4
Tg (◦C) 245± 3.5 237± 0.9 244± 1.4
FM-3
TTM-8 Meld Line TTM-9
∆Hr (J/g) −9.2± 3.8 −10.9± 2.9 −3.8± 2.5
α (%) 98.1± 0.8 97.7± 2.9 99.2± 0.5
Tg (◦C) 243± 0.5 243± 2.8 244± 0.4
The ∆Ht used to calculate α was −477 ± 32 J/g as determined
from four samples of uncured pre-preg.
Figure 5.43 is an optical micrograph from the part of FM-4 that was fabricated from
TTM-10, figure 5.44 is from FM-4’s meld line and figure 5.45 is from the part of FM-4
that was fabricated from TTM-11. The micrographs of FM-4 are representative of the
internal structure of FM-3, FM-4 and FM-5. FM-4 was chosen as an example because it
was the panel used for mechanical testing.
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Figure 5.43: Optical micrograph of the area of FM-4 that originated from TTM-10.
Figure 5.44: Optical micrograph of the meld line of FM-4.
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Figure 5.45: Optical micrograph of the area of FM-4 that originated from TTM-11.
There is still a great deal of porosity exhibited in FM-4, however this porosity is most
likely of the types discussed in section 2.6.3 rather than because of pinching of the edges.
The sections of FM-4 that came from TTM-10 and TTM-11 each have approximately 10%
porosity, but the meld line shows approximately 17% porosity. The effects of porosity on
mechanical properties will be discussed in chapter 6.
5.5 FTIR Analysis of Through-Thickness Melding
Attenuated total reflectance Fourier transform infra-red spectroscopy (ATR FTIR) was
used to investigate the chemical changes due to reactions in Hexcel 8552, at various points
in the through-thickness melding process. Spectra were obtained from the mid-infra-red
(MIR) range between 750 cm−1 and 4000 cm−1. Heat treatments were carried out in
a DSC furnace. After the heat treatment, the lids of the DSC pans were removed with
a knife and the samples along with the pans were stored at −20 ◦C to prevent curing
until use. Peaks were assigned from values reported in the literature [21, 164, 181, 182].
Figure 5.46 shows a spectrum obtained from a sample of fresh prepreg and figure 5.47
shows a spectrum obtained after the Quickstep ‘full’ cycle. Table 5.9 lists the peaks,
along with their assignment for the uncured prepreg, and table 5.10 does the same for the
cured prepreg.
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Figure 5.46: MIR FTIR spectrum for uncured 8552 prepreg.
Table 5.9: Peak assignments for the MIR FTIR spectra of uncured 8552 prepreg [21,164,
181, 182].
Wavelength (cm−1) Peak Derivation Wavelength (cm−1) Peak Derivation
3380 Secondary Amine 1383 CH3 deformation
2992 CH3 stretch 1294 Aromatic ether stretch
2920 CH2 stretch 1190 Tertiary Amine
1595 Primary Amine 1035 Oxirane C-O-C
1509 Aromatic ring stretch 905 CH-Oxirane
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Figure 5.47: MIR FTIR spectrum for 8552 prepreg cured with the Quickstep ‘full’ cycle.
Table 5.10: Peak assignments for the MIR FTIR spectra of cured 8552 prepreg [21, 164,
181, 182].
Wavelength (cm−1) Peak Derivation Wavelength (cm−1) Peak Derivation
3380 Secondary Amine 1297 Aromatic ether stretch
2992 CH3 stretch 1190 Tertiary Amine
2920 CH2 stretch 1147 C-O stretch
1595 Primary Amine 1102 Oxirane C-O-C
1510 Aromatic ring stretch 905 CH-Oxirane
Throughout the ATR FTIR study it is was found to be extremely difficult to obtain
consistent peak intensities. Particularly in the cured part, the surface was very rough and
followed the contours of the fibres at the surface creating difficulties in achieving a con-
sistent contact point between the sample and the ATR crystal. It has been reported [183]
that this is one of the disadvantages of using ATR for studying the development of the
reaction in polymeric materials.
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5.5.1 FTIR Analysis of the Quickstep ‘Full’ Cure Cycle
Four scans each were taken at points A, C, D and F (see: 4.1, 5.11 and 5.14) of the
Quickstep ‘full’ cycle. Figure 5.48 shows typical spectra for each of those four points.
Figure 5.48: IR Spectra obtained at points A, C, D and F for the Quickstep ‘full’ cycle.
The reaction progress was monitored by normalizing the peaks of the CH-Oxirane
(905 cm−1), the primary amine (1595 cm−1), secondary amine (3380 cm−1) and the ter-
tiary amine (1190 cm−1) to the aliphatic hydrocarbon (2920 cm−1). Aliphatic hydrocar-
bons are not involved in the curing reaction, and therefore do not change in intensity
from uncured to cured, and can be used as a reference peak. Qualitatively, in all four
spectra in figure 5.48 the aliphatic hydrocarbon peak is relatively similar so a direct vi-
sual comparison of the epoxide peak at 905 cm−1 can be made which as the reaction
progresses, appears to decrease. However, the differences in the primary, secondary and
tertiary amine peaks appear negligible. Figure 5.49 shows the changes in the normalized
primary amine, secondary amine, tertiary amine and epoxy peak intensities at points A,
C, D and F and table 5.11 shows the values of the normalized peak intensities.
The numbers for the primary, secondary and tertiary amines as well as the epoxide
group trend in the direction that one would expect based on the literature [21, 184]. The
primary amine decreases as it is converted to the secondary amine, the level of which
increases then levels off or decreases as it is converted to tertiary amine. The epoxide
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group decreases as it is consumed and a network solid is formed. Using an unpaired t-test
the decrease in epoxy between point A and point D was found to be significant at the
95% level. The most confidence can be had in the decrease of the primary amine between
point A and point D which was found to be significant at the 98% level. This shows the
consumption of the epoxide groups and agrees well with the results reported earlier in this
chapter. As the epoxide is consumed the Tg and degree of cure increase rapidly and the
system solidifies as shown in the viscosity curves (section 5.3.2).
Figure 5.49: The changes in the normalized primary amine, secondary amine, tertiary
amine and epoxy peak intensities at points A, C, D and F in the Quickstep ‘full’ cycle.
Table 5.11: Peak intensities observed at various points during the Quickstep ‘full’ cure
cycle normalized to the aliphatic hydrocarbon peak.
Fig. 5.11 Fig. 5.14 Primary Amine Secondary Amine Tertiary Amine Epoxy
α % Tg ◦C 1595 cm−1 3380 cm−1 1190 cm −1 905 cm−1
Point A 1 15 0.965 ± 0.046 0.974 ± 0.014 0.900 ± 0.028 1.052 ± 0.020
Point C 25 24 0.921 ± 0.041 0.978 ± 0.046 1.006 ± 0.011 1.054 ± 0.012
Point D 40 75 0.918 ± 0.038 0.998 ± 0.061 1.008 ± 0.032 1.035 ± 0.034
Point F 83 225 0.855 ± 0.030 0.982 ± 0.050 0.997 ± 0.027 1.003 ± 0.023
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5.5.2 FTIR Analysis of the Semi-Curing Process
The progression of the reaction through the semi-cured sample was measured in the
same way as in the previous section. Figure 5.50 shows spectra obtained from samples
that were subjected to the thermal histories experienced by TC 1/2, TC 15/16, TC 30/31,
TC 60/61 and TC 75/76. Qualitatively, much like in the Quickstep ‘full’ sample, the
consumption of epoxy in the 905 cm−1 peak is marked by a significant decrease through
the sample. Likewise the differences in the primary, secondary and tertiary amines are
negligible from a visual perspective. Figure 5.51 shows the changes in the normalized
peak intensities for the primary amine, secondary amine and tertiary amine and epoxy
through the thickness of the semi-cured panel and table 5.12 shows the values of the
normalized peak intensities.
Figure 5.50: IR spectra obtained at various points through the semi-cured panel.
Once again, the numbers trend in the way in which one would expect from the lit-
erature. It can still be seen that the epoxy is consumed, the primary amine decreases
through the regimen while the secondary amine plateaus after initially increasing and
tertiary amine increases. Using an unpaired t-test the decrease in epoxy between ‘cold’
TC 1/2 and ‘hot’ TC 75/76 was found to be significant at the 95% level. Once again, the
most confidence can be had in the decrease of the primary amine between TC 1/2 and
TC 75/76 which was found to be significant at the 99% level.
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Figure 5.51: The changes in the normalized primary amine, secondary amine, tertiary
amine and epoxy peak intensities through the thickness of the semi-cured panel (‘cold’
TC 1/2 to ‘hot’ TC 75/76).
Table 5.12: Peak intensities observed at various positions in the semi-cured panel normal-
ized to the aliphatic hydrocarbon peak.
Primary Amine Secondary Amine Tertiary Amine Epoxy
1595 cm−1 3380 cm−1 1190 cm −1 905 cm−1
Cold TC 1/2 0.900 ± 0.076 0.904 ± 0.008 0.904 ± 0.040 1.009 ± 0.009
TC 15/16 0.860 ± 0.035 0.953 ± 0.050 0.937 ± 0.028 1.001 ± 0.060
TC 30/31 0.864 ± 0.025 0.962 ± 0.041 0.929 ± 0.016 1.001 ± 0.020
TC 60/61 0.843 ± 0.051 0.959 ± 0.057 0.944 ± 0.029 0.975 ± 0.044
Hot TC 75/76 0.794 ± 0.039 0.965 ± 0.064 0.965 ± 0.044 0.928 ± 0.008
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SIX
MECHANICAL TESTING
Double cantilever beam tests were performed to measure the fracture energy of the
meld line. This is an important property to adequately compare the melding process to
more traditional curing techniques. Tensile coupons were tested from the top, bottom and
from the meld line of the fully melded panels. From this test the Young’s Modulus in
the fibre direction, E11 was determined and compared to values found in literature. The
differences in E11 between the top, bottom and meld line samples were also compared.
Lastly four-point bend flexural testing was done on top, bottom and meld line coupons.
From this experiment the maximum flexural stress and modulus of elasticity, EB, were
determined and compared, both internally and with values reported in literature.
6.1 Mode I Double Cantilever Beam
The samples for the DCB tests were taken from FM-5 which consisted of TTM-12 at
the bottom and TTM-13 at the top and was specifically fabricated for DCB testing. Due
to a shortening supply of UD Hexcel 8552, each of the semi-cured panels were fabricated
with only seventy-five 200 mm × 200 mm plies. The semi-cured panels were melded in
the Quickstep machine using the Quickstep ‘full’ cycle with release film used as the crack
initiator.
The final FM-5 panel was 200 mm × 200 mm × 16 mm thick. After the edges
were cut off, to eliminate edge effects and remove the glass inserts, the full thickness
panel was then sliced using a diamond-coated saw to produce seven strips that were
150 mm × 21 mm × 16 mm thick and were numbered DCB 1-6. An additional strip,
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labeled DCB-T was produced that was only 17 mm wide. The release film had been
placed so that each slice had a crack initiator approximately 50 mm in length. The thick
slices were then milled, so that 6 mm were taken off both the top and the bottom, leaving
a 4 mm thick specimen with the release film preserved at the centre line. Lastly, steel
piano hinges were fixed on using cyanoacrylate adhesive. Figure 6.1 shows the evolution
of the DCB Specimens from FM-5 to DCB specimens.
DCB-2 and DCB-6 were used for a different research project and are not included in
this work. Since DCB-T had slightly different dimensions, due to an artefact of the cutting
process, it was used as an isolated, individual specimen to gauge experimental parameters.
DCB-3 was used in a similar fashion and was chosen because of minor binding of the
piano hinge caused by cyanoacrylate adhesive. These experimental parameters were:
• Correction fluid was used to paint the edges of DCB-T and DCB-3, but it was
found that it was difficult to accurately read the crack front position because of the
thickness of the correction fluid. Further specimens were coated with a thin layer
of white spray paint instead.
• DCB-T was tested at 1 mm min−1 but that was found to be excessively slow. DCB-3
was tested at 5 mm min−1 but that was found to be too fast to monitor the crackfront
sufficiently. All further specimens were tested at 2.5 mm min−1.
• Testing of DCB-T was video recorded, so that crack slippage could be correlated to
the drops in the load versus displacement curve. DCB-3 utilized a similar method,
but with photographs rather than video. Crack length was determined later by com-
paring the load raw data with the displacement raw data. Both these recording
methods were found to be difficult and time consuming, so for all further speci-
mens the crack length was recorded manually as the test progressed along with the
load.
Table 6.1 shows the final dimensions and testing parameters for each specimen.
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(a) FM-5 before machining.
(b) A slice from FM-5 prior to milling.
(c) Final DCB specimen without piano hinge.
Figure 6.1: The steps undertaken in changing a full meld sample into a DCB specimen.
The solid centre line denotes the release insert and the dotted lines are cuts to be made.
All specimens were within the tolerances given by ASTM D5528-01 [167].
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Table 6.1: Specimen details for DCB.
DCB-T DCB-1 DCB-3 DCB-4 DCB-5
Width, b 17.4 21.0 21.4 21.3 20.8
Height, h 4.8 4.3 4.1 4.2 4.2
Length, l 150.0 150.0 150.0 150.0 150.0
Initial Delamination Length†, a0 53 50 48 47 46
Crosshead Speed 1 2.5 5 2.5 2.5
Data Acquisition Video Live Photo Live Live
All dimensions are in mm. Crosshead speed is mm min−1.
† - Measured from the load point to the edge of the release film insert.
Figure 6.2: DCB-4 at the conclusion of the test
Figure 6.2 shows a typical test at its conclusion. The first red tick shown on the
sample is 30 mm from the load point, and it can be seen both that the release film ends
at 47 mm into the specimen and that the crack tip is at 83 mm. Close to the crack tip
there is a small amount of fibre bridging visible. It has been suggested that increased fibre
bridging, in composites processed in the Quickstep chamber indicates a greater degree of
disorientation and crossing of fibres. This results from dynamic flow of resin which occurs
as the resin viscosity is lowered [9]. However, that is not suspected to be the case in this
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instance because of the reliance on the hot press for the first part of the processing. Even
though the final curing step was in the Quickstep chamber, the outer parts of the composite
were cured in the hot press resulting in a degree of crosslinking which prevented the resin
viscosity from reaching its lowest viscosity at the meld line. Davies [95] showed that
in Hexcel 6376, a chemically similar system, there was significant fibre bridging in the
panels cured in the Quickstep chamber. The fibre bridging observed in this work is less
marked than in that work, and it is likely that the fibre bridging observed in figure 6.2 is
due to good interfacial adhesion, resulting in fibre pullout when stress is applied.
Figure 6.3: Load versus crosshead extension curves for all the DCB specimens.
Figure 6.3 shows the applied load, P , versus crosshead extension, δ, curves for the
tests performed. The curve for each specimen displayed a linear portion at the beginning,
followed by a downward trend in the load. With the exception of DCB-T and DCB-3,
which were allowed to continue beyond the recommended end of the test, the test was
concluded after the crack propagated between three and five mm in one slip. The effect
of the width of the sample on the load versus extension curve can be plainly seen. DCB-T
is 83% of the width of the other samples and the maximum load achieved is far lower
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than that of the other samples. Higher crosshead speed (DCB-3) also affects the results,
shifting the peak load to higher extension.
The point of non-linearity (marked NL in figure 6.4) was used to determine the critical
fracture energy GIc. Figure 6.4 is the load, P , versus crosshead displacement, δ, curve
for DCB-5. The markups on the graph are typical of the way that GIc was calculated.
Figure 6.5 shows crack length, a, versus δ. This indicates that the crack opening in the
three specimens tested under identical conditions (i.e., DCB-1, DCB-4 and DCB-5) was
consistent over the three specimens.
Figure 6.4: Load versus crosshead extension curve for DCB-5.
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Figure 6.5: Delamination length versus crosshead displacement for DCB-1, DCB-4 and
DCB-5.
6.1.1 Fracture Energy
Figure 6.6 is the fracture energy in mode I, GI , versus the delamination length for all
specimens. Each specimen displayed resistance (R-curve) behaviour i.e., an increase in
fracture resistance as the crack propogates [185]. Wegner et al. [186] proposed two poten-
tial mechanisms for this phenomenon in toughened systems, e.g. Hexcel 8552. The first
is the development of a crack bridging zone, in which the ductile phase stretches between
the faces of the crack behind the crack tip. The extended ductile zone acts as a shield for
the crack tip from the maximum stress intensity, by acting like small tensile specimens
which stretch behind the crack tip until they reach their rupture strain. The second mech-
anism is the development of a process zone of plasticity and secondary cracking ahead of
the primary crack. As the crack grows, the crack tip passes through the plastic zone and
elements within the plastic zone end up behind the crack tip and begin to unload elasti-
cally. When the stress is unloaded, energy is dissipated and the dissipation contributes
to the toughness of the material. The curves in figure 6.6 compare favourably with those
found by Agius et al. [187] as shown in figure 6.7.
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Figure 6.6: Fracture energy versus delamination length for all specimens.
In figure 6.6 the initial numbers for GI range between 150 Jm−2 and 300 Jm−2. The
average values for all the samples is 211.50± 54.98 Jm−2. The average values for DCB-1,
DCB-4 and DCB-5 were very close, giving an average of 212.40 ± 55.88 Jm−2. In fig-
ure 6.7 the intial values, for specimens of 8552 cured by Quickstep and in an autoclave,
were approximately 250 ± 50 Jm−2. This reduction of about 15% is constant through the
data for through-thickness melded samples as compared to the Quickstep ‘spike’ sam-
ples [95]. However, after approximately 10 mm of crack length delamination the data for
through-thickness melded samples closely track that for samples cured in an autoclave —
Agius [187] reported an 11% deviation between Quickstep and autoclave cured samples
after 10 mm crack length.
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Figure 6.7: Fracture energy versus crack length for Hexcel 8552 processed with the
Quickstep ‘spike’ cycle (blue) and in an autoclave (red) [187].
There are two possible explanations for the discrepancy in the fracture toughness val-
ues. First, porosity in the system reduces the surface area of the laminate that is being
pulled apart during DCB testing, leading to a decrease in fracture resistance. However in
fibre reinforced polymers it has been shown that a small amount of porosity can increase
the fracture toughness when fibres cross the delamination plane [188]. These fibres take
up some of the load in tension and require energy to break them before the delamination
can fully slip [189]. Secondly, only minor fibre bridging was observed in this study, how-
ever there was significant porosity. It is believed that the latter is the cause of the 15%
reduction in GI-values as compared with traditional Quickstep processing.
6.1.2 Critical Fracture Energy
The critical fracture energy, GIc, was calculated using the crack length delamination,
load and the displacement length at the point of deviation from linearity in the load versus
displacement curve. Table 6.2 lists all these parameters for all specimens.
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Table 6.2: Specimen parameters for GIc calculations.
DCB-T DCB-1 DCB-3 DCB-4 DCB-5
Load, P (N) 45.39 57.9 75.60 72.89 68.57
Displacement, δ (mm) 10.20 3.43 4.89 2.79 2.77
Width, b (mm) 17.4 21.0 21.4 21.3 20.8
Critical Crack Length, ac (mm) 5 4 1 1 3
Correction Factor†, |∆| 0.63 1.85 0.43 0.91 1.3
Critical Fracture Energy, GIc (Jm−2) 314.2 193.7 264.6 247.9 276.7
†∆ is dimensionless
The average GIc was 259.41 ± 44.08 Jm−2 which is 14% lower than GIc values re-
ported in the literature for 8552. Mollón [190] reported a value of 303.0 ± 40.7 Jm−2 and
Argüelles [191] reported 302.1 ± 29.2 Jm−2, for Hexcel 8552 unidirectional composites
cured in an autoclave. The reasons for this reduction in the critical fracture energy may
be ascribed to porosity as discussed in the previous section.
6.2 Tension
The samples for the tensile tests were taken from FM-4, which consisted of TTM-
10 at the top and TTM-11 at the bottom. The semi-cured panels were fabricated from
eighty 200 mm × 200 mm plies. Thus all future references to coupons taken from the
top will refer to coupons taken from what was originally TTM-10. Similarly, references
to coupons taken from the bottom will refer to coupons taken from what was originally
TTM-11. The semi-cured panels were cured and combined in the Quickstep machine
using the Quickstep ‘full’ cycle. The final FM-4 panel was 200 mm × 200 mm × 18 mm
thick.
After the edges were cut off, to eliminate edge effects and remove the glass inserts,
the full thickness panel was sliced using a diamond-coated saw to produce eight strips
160 mm × 14 mm × 18 mm thick. The strips were then cut through the thickness twice;
first 5 mm from the top, then 5 mm from the bottom. Incorporating the thickness of the
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blade resulted in each slice producing three coupons that were 160mm× 14mm× 4.5 mm
thick. Each coupon was labeled B1-8 for those from the bottom, M1-8 for the middle and
T1-8 for the top. Figure 6.8 shows the evolution of the tensile specimens from FM-4. All
coupons were within the tolerances of ASTM D3030/3039M [165].
(a) FM-4 before machining.
(b) A slice from FM-4 prior to final slicing.
(c) Final 4pt specimens without tabs.
Figure 6.8: The steps undertaken in changing a fully melded sample into tensile speci-
mens. Dotted lines are cuts to be made.
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6.2.1 Composite Tabs
Initially, four 14 mm × 30 mm × 3 mm thick composite tabs were fixed to each
coupon with cyanoacrylate adhesive. The tabs were cut from one of the large 8552 panels
cured during the preliminary cure cycle investigation. The tests carried out with compos-
ites tabs presented one or more of the following three problems:
1. The tabs slipped through the grips due to insufficient pressure.
2. The tabs were crushed and damaged the coupon due to excessive pressure
3. The cyanoacrylate adhesive failed and the tabs came off.
Figure 6.9: Hexcel 8552 tensile coupon with composite tabs after testing.
Figure 6.9 shows a typical coupon with composite tabs after testing. On the right of
this coupon the tabs have been crushed, resulting in crushing of the test specimen outside
of the gauge length. The tabs subsequently came off, as the cyanoacrylate adhesive also
failed whilst the tabs were being crushed. On the left side of the coupon there are drag
marks on the tab where it slipped in the grips.
6.2.2 Aluminium Tabs
To help solve these problems, aluminium tabs were applied to the test coupon with a
stronger adhesive. The aluminium was sheared to pieces 14 mm × 30 mm × 2 mm thick
and attached to the coupons using an Araldite two-part epoxy resin. The ductility of the
aluminium allowed the grips to get a better hold on the tabs and helped prevent crushing
by spreading pressure out more evenly. However this was still not enough to prevent
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slipping and adhesive failure. Figure 6.10 shows a typical coupon with aluminium after
testing. The tabs on the right of this coupon were sheared off and the test was stopped.
Figure 6.10: Hexcel 8552 tensile coupon after testing with aluminium tabs.
6.2.3 No Tabs
A final attempt at testing was made without any tabs, and using hydraulic grips to
more precisely control the pressure applied by the grips. Whilst this solved all issues
pertaining to slipping and crushing, it was found that the coupons were failing in shear, as
shown in figure 6.11. Failure began in the gauge length and quickly spread to under the
grips as seen on the right. This was most likely due to minor fibre misalignments. Rather
than potentially waste any further samples, it was decided to test all further samples in
four-point bending to investigate the flexural properties of the fully-melded panels.
Figure 6.11: Hexcel 8552 tensile coupon without tabs after testing.
6.2.4 Young’s Modulus
However some data was retrievable from the tensile tests. At the beginning of the
loading, before the stress began to cause failure in the tab region or generate signifi-
184
6.2. TENSION
cant shearing of the material, there was a sufficient linear region to calculate E11. Thus,
Young’s modulus was calculated by plotting stress versus strain and performing a regres-
sion analysis on the slope of the line.
Figure 6.12: Tensile stress-strain curves for Hexcel 8552 before tab failure.
Only the linear portion of the data collected, i.e. before any crushing or tab failure
occurred, was considered. Figure 6.12 shows stress-strain curves for two specimens taken
from each of the top, middle and bottom regions of a panel. Table 6.3 displays the numer-
ical values for Young’s Modulus. The Hexcel material data sheet [130] lists the Young’s
modulus as 164 GPa. The values in table 6.3 also compare well with those found experi-
mentally in the literature. Ersoy et al. [192] reported E11 values of 141 GPa and Wisnom
et al. [193] reported a value of 161 GPa.
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Table 6.3: Values of E11 for Hexcel 8552 tension coupons.
E11 (GPa) Average
Top 1 167.88 162.63
Top 2 157.38 ± 7.43
Middle 1 129.71 148.03
Middle 2 166.34 ± 25.90
Bottom 1 171.00 156.62
Bottom 2 142.24 ± 20.34
Overall Average = 155.76 ± 16.46
6.3 Four-point Bend
The coupons remaining from the tensile tests were used for four-point bend flexural
tests. There were six remaining coupons from the middle and bottom and seven from
the top of the panel. These coupons also fell within the specifications outlined in ASTM
D6272-02 [166]. The fixture used for four-point bend is shown in figure 6.13.
Figure 6.13: The four-point bend fixture with an 80 mm support span and 40 mm load
span.
Each sample was tested at 2.5 mm min−1 crosshead speed, and all failed by delam-
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ination at the centre of the coupon. After such failure, the experiment was concluded.
Figure 6.14 is a post-test photograph of a coupon taken from the bottom of FM-4. The
surface shown is on the delamination plane in which failure occurred. The lateral fracture
at 7.3 mm in figure 6.14 occurred after the delamination. During the release of strain
energy, the load points created stress concentrations that cracked the surface on which the
load was applied. The lateral fracture is not indicative of any material properties and was
ignored.
Figure 6.14: A coupon after testing. After delamination the load points caused the fracture
at 7.5 mm.
Figure 6.15 shows the stress-strain curves for all seven coupons tested from the top of
FM-4. The close grouping of the lines and the points of maximum stress is indicative of
consistency in the results. For the coupons taken from the top, the maximum stress before
delamination was 1,254 ± 41.41 MPa. Figure 6.16 shows typical stress-strain curves
observed for the top, middle and bottom coupons.
There is a fair amount of consistency between the top and bottom coupons, however
the middle coupon is significantly weaker. Figure 6.17 shows this more clearly. It has
been shown that porosity can adversely affect mechanical properties including flexural
strength [103, 104, 107, 108]. Porosity in the top and bottom coupons was on the order
of 3% which is within normal tolerances, while the porosity in the middle coupons was
approximately 10% resulting in the nearly 50% reduction in flexural strength.
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Figure 6.15: Stress-strain curves for all the coupons taken from the top of FM-4.
Figure 6.16: Typical stress-strain curves from four-point bend testing of coupons taken
from the top, middle and bottom of FM-4.
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Figure 6.17: A bar chart of the maximum stress during four-point bending in coupons
from the top, middle and bottom of FM-4.
The modulus of elasticity, EB, was calculated by taking the slope of the initial linear
portion of the load versus displacement plot, and putting that value into equation 4.6.3.
The slope was calculated using a regression analysis. Figure 6.18 shows the comparison
of EB for coupons taken from the top, middle and bottom of FM-4. Again, value for
the middle coupons is significantly lower (25%). The top and bottom coupons, however,
outperform values given in the literature. In those two studies Mujika et al. [194, 195]
reported values of EB ranging between 144 GPa and 163 GPa. The apparent increase
in EB observed in this work is believed to be due to the processing. Mujika et al. cured
their specimens using hot compression with an intermediate dwell at 120 ◦C until gelation
occurred [196]. In this study the second cure, using the Quickstep ‘full’ cycle, acted as
an extended post cure for the sections that were exposed to heat twice, thus increasing
cross-linking and increasing the values of the flexural modulus. This effect was not seen
in tensile modulus because that test was done along the fibre direction and therefore the
modulus was dominated by fibre properties. Table 6.4 summarizes the results from the
flexural testing.
189
6.3. FOUR-POINT BEND
Figure 6.18: A bar chart of the modulus of elasticity during four-point bending in coupons
from the top, middle and bottom of FM-4.
Table 6.4: Four-point bend results for FM-4
Maximum Stress Modulus of Elasticity
(MPa) (GPa)
Top 1254 ± 41.41 174.27 ± 7.97
Middle 697 ± 122.11 126.57 ± 14.45
Bottom 1348 ± 105.94 168.59 ± 4.97
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SEVEN
CONCLUSIONS AND FUTURE WORK
7.1 Conclusions
The research carried out in support of this thesis was a combined feasibility study of
through-thickness melding together with a study on interrupted cure of advanced carbon
fibre composites. The aim of this project was to determine whether through-thickness
melding could be used as a novel method of curing very thick composite parts. Much
of the work focused on the characterization of the semi-curing step, with comparisons
to methods of effecting cure of a composite with Quickstep that have been extensively
studied in the past.
The first part of the project was to select an appropriate cure cycle. Three cycles were
chosen for assessment based on previous studies. These were the Quickstep ‘straight’
cycle, the Quickstep ‘spike’ cure cycle and the Quickstep ‘full’ cycle. The thermal prop-
erties of the panels produced by the three cycles were similar, in that the Tg was approx-
imately 245 ◦C and all were approximately 99% cured. However the panels from the
Quickstep ‘spike’ and Quickstep ‘straight’ cycle had approximately 3% porosity, as well
as a very poor surface on the bottom of the panels caused by poor resin flow. In contrast,
the panel from the Quickstep ‘full’ cycle was well consolidated with nearly 0% porosity,
and did not exhibit the same surface defect. Consequently the ‘full’ cycle was chosen for
further study.
The second part of the project was the development of the semi-curing process. Ini-
tially a Quickstep chamber with clamshells that held 115 L of HTF were used to semi-
cure, by circulating HTF through one chamber and cold water through the other. However
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it was found to be impossible to raise the temperature of the hot chamber to 100 ◦C which
is totally inadequate for curing the composite. Subsequent attempts were made using a
57 L chamber, and the results were much improved. However, the results were difficult to
duplicate despite insulation between the chambers. Success in semi-curing was realized
when the process was moved to a hot press that had independently-controlled platens.
The hot press worked because the platens were not in contact with one another. Whereas
the flexible silicone bladders of the Quickstep machine, which are designed to conform to
the part, were in contact allowing for heat transfer between the hot and cold chambers.
After determining a procedure for semi-curing a laminate stack, the process was exten-
sively characterized. DSC was used to determine the degree of cure of material exposed
to the hot and cold platens as well as through the thickness. It was found that resin on
the hot side was approximately 50% cured, in the middle 25% and at the cold side 15%
cured. Rheological studies found that as one moves through the sample from the cold side
to the hot side, the first 50 plies remain uncured and were largely unaffected by the heat
applied to the top. There was a transition zone about 10 plies thick, where there was an
intermediate level of cure, and on the hot side the remaining 20 plies had passed the ‘gel’
(η∗ > 102 Pa·s) point and were effectively solid. Even though the top 20 plies were only
50% cured, they handled easily and achieved full cure in the next step of the project (full
melding) that acted like an extensive post cure.
The third part of this work was to develop a process to join the semi-cured panels into a
through-thickness melded part. The partial curing of the outside of the semi-cured panels
led to issues that are not normally seen in composite processing. During melding, the
outsides pinched together and, since they were already mostly cured, reached a fully cured
state much faster than the inside, trapping any air or gasses. As the temperature increased
and vacuum pressure was applied, these pockets of gas created very large cavities. This
problem was solved by constraining the sides of the panel during curing with cork edge
dams, and inserting woven glass fabric at the corners to leave a path for gasses to escape
regardless of the amount of curing that had already occurred at the edges. Despite this
remedy, the outer edges still exhibited approximately 10% porosity and the meld line
showed approximately 17% porosity.
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This high porosity had an adverse effect on the mechanical properties. While the
tensile modulus and flexural modulus at the edges was comparable to values reported in
the literature, the properties for the middle deteriorated significantly due to the porosity.
Similarly it was found that the mode I interlaminar fracture energy was approximately
10% lower than values reported for equivalent panels fabricated in an autoclave. It had
been reported that the Quickstep process increases the mode I interlaminar fracture energy
because of fibre bridging, but because of the reduced resin flow caused by the semi-curing
process, there was relatively little fibre bridging observed.
Lastly, the progression of the chemical reaction through the Quickstep ‘full’ cycle
and the semi-curing process was monitored using ATR FTIR. The spectra showed the ex-
pected trends in the epoxide and amine peaks and it was found that statistically there were
significant differences. The epoxide peak was shown to have decreased as the reactions
progressed as did the primary amine peaks. The secondary amine peaks initially rose, but
then plateaued and the tertiary amine peaks increased throughout.
Therefore this thesis demonstrated the broad feasibility of through-thickness melding
as a process to create thick composite laminates. However, the complexity of the process
gives rise to thermal and rheological phenomena which affect the structural and chemical
properties of the fully melded part. The process must therefore be engineered with these
factors in mind in order to create a high quality part.
7.2 Further Work
The results of this work underline the potential of the through-thickness melding pro-
cess for manufacturing thick composite parts, or in specialized joining scenarios. How-
ever further research is necessary to supplement the knowledge base of the processes
employed and how they affect the final through-thickness melded part.
Initially, this work set out to undertake the entire melding procedure in a Quickstep
chamber, but it was found to be extremely difficult with the chambers that exist at the Uni-
versity of Manchester. A suitable research area would be to design a Quickstep chamber
made specifically for through-thickness melding. This might be accomplished by build-
ing chambers that can be thermally isolated from one another. Another approach that has
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been theorized, is to build a chamber with sections into which the user can decide whether
or not HTF should flow. So, rather than designing the chamber for a part, a single cham-
ber could accommodate many different sized panels. By eliminating contact between the
hot and cold chambers entirely, it might be possible to bring the chamber to the full curing
temperature.
Due to the sparsity of prepreg that was available for this work, the only mechanical
tests performed on the melded samples were tensile, four-point bend and DCB. Other
mechanical tests that would be helpful characterizing the sample are short beam strength
to measure the interlaminar shear [197], mode II end notch flexure to determine the inter-
laminar shear strength [198,199] and open-hole compression to measure the compressive
strength [200]. Furthermore, it would be useful to compare the mode I fracture energy
observed at the meld line with mode I fracture energy observed at the top and bottom of
the melded panel.
At the end of this research a test panel was made using a woven fabric prepreg rather
than the unidirectional material used throughout the study. This panel was made solely
as a demonstrator piece, but many of the processing challenges that were encountered
during this work were not observed for this part. This raises an interesting question about
the effect of fibre direction on the semi-curing process. There are residual stresses that
occur because of the differential curing during the semi-curing process. An interesting
project would be to use numerical modeling to predict the effect of more complicated
fibre directions during layup on parameters such as resin flow, residual stress and the
mechanical properties of the final part.
This thesis did not address the effect that the semi-curing process had on fibre wetting.
Scanning electron microscopy might be able to determine whether there is an effect, either
adverse or beneficial, to interrupting cure. Furthermore the resin used was toughened by
a thermoplastic and the Quickstep process has already been shown to cause the thermo-
plastic, to precipitate and agglomerate [10]. An interesting study would be to determine
whether or not the semi-curing process has the same effect.
The chemical progression of the cure of Hexcel 8552 became a major theme of this
work. It has been shown that the dielectric parameters of curing epoxy resins match
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the viscosity profile as cross linking progresses [45]. For this reason, dielectrics have
proved useful as a non-destructive cure monitoring method [201] and also has been used
to monitor cure to help optimize cure cycles [202, 203]. It might be possible to develop a
semi-curing cycle that maximizes the number of cured plies and optimizes the number of
uncured plies, rather than adjusting the cure cycle based on the destructive post-cure test
methods used in this work. By inserting dielectric monitors rather than thermocouples,
the semi-curing process could be stopped when a specific depth of plies have been cured.
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APPENDIX
A
CONFERENCE PRESENTATIONS
Presentations derived from this work were given at the following conferences:
1. Northwest Composites Centre Annual Meeting — January 2008 (Manchester, Eng-
land)
2. 28th Annual European International Society for the Advancement of Material and
Process Engineering Congerence — April 2008 (Paris, France)
3. 9th International Conference on Flow Processes in Composite Materials — July
2008 (Montréal, Québec)
4. Northwest Composites Centre Annual Meeting — January 2009 (Manchester, Eng-
land)
5. UK Composites Annual Meeting — May 2009 (Birmingham, England)
6. 17th International Conference on Composite Materials — July 2009 (Edinburgh,
Scotland)
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